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ABSTRACT 
The work d e s c r i b e d i n t h i s t h e s i s i s concerned 
w i t h t h e i n v e s t i g a t i o n o f t h e i n f r a r e d s t u d y o f z e o l i t e s 
and s p e c i e s adsorbed on z e o l i t e s . 
I n t h e f i r s t t h r e e c h a p t e r s t h e r e are accounts on 
t h e z e o l i t e s s t r u c t u r e and c h e m i s t r y as w e l l as t h e 
i n s t r u m e n t a t i o n and t e c h n i q u e s w h i c h have been used. 
I n t h e f o u r t h c h a p t e r a s t u d y o f t h e f o r m a t i o n o f 
coke on CaY z e o l i t e and t h e v a r i o u s f a c t o r s w h i c h 
i n f l u e n c e i t s presence on the z e o l i t e i s r e p o r t e d . 
Chapter f i v e i s concerned w i t h t h e presence o f the 
hydronium i o n formed by a d s o r b i n g w a t e r vapour on z e o l i t e s . 
Mn 4A z e o l i t e can form t h e hydronium i o n , w h i l e Co-4A 
does n o t . 
F i n a l l y , i n c h a p t e r s i x , we r e p o r t a s t u d y o f 
c y c l o p r o p a n e gas adsorbed on M n ( I I ) and C o ( I I ) p a r t i a l l y 
exchanged A z e o l i t e s . 
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1. Z e o l i t e s 
A l t h o u g h z e o l i t e s a r e c h e m i c a l l y more complex t h a n some 
o t h e r a d s o r b e n t s t h e y do possess t h e advantages o f h i g h 
s u r f a c e area and a d s o r p t i o n s i t e s w h i c h a r e u s u a l l y w e l l 
d e f i n e d . F u r t h e r m o r e , t h e s t r e n g t h o f t h e z e o l i t e - t o -
adsorbed m o l e c u l e i n t e r a c t i o n can be a l t e r e d i n a v a r i e t y 
o f ways i n c l u d i n g ion-exchange and m o d i f i c a t i o n o f the 
S i t o A l r a t i o ( 1 ) . I t i s p o s s i b l e , t h e r e f o r e , t o s t u d y the 
i n t e r a c t i o n o f a g i v e n a d s o r b a t e w i t h a s e r i e s o f d i f f e r e n t 
c a t i o n s , each h e l d w i t h i n t h e same framework as w e l l as 
w i t h t h e same c a t i o n i n a range o f frameworks. 
Z e o l i t e s have s t r o n g a f f i n i t y f o r p o l a r o r p o l a r i z a b l e 
m o l e c u l e s and t h i s p r o p e r t y , combined w i t h t h e i n t e r n a l 
a d s o r p t i o n c h a r a c t e r i s t i c s , a l l o w s f o r p u r i f i c a t i o n s and 
s e p a r a t i o n s t o be performed u s i n g z e o l i t e s . I n a d d i t i o n , 
t h e p r o p e r t i e s o f z e o l i t e s can be a l t e r e d s t i l l f u r t h e r by 
ion-exchange t o p r o v i d e a n e a r l y l i m i t l e s s v a r i e t y o f 
p r o d u c t s and p o t e n t i a l uses ( 2 - 4 ) . 
Z e o l i t e s can a l s o form n o v e l c h e m i c a l complexes l i k e 
C^Hg ( c y c l o p r o p a n e ) o r N^H3 bonded t o t r a n s i t i o n m e t a l ions 
(5) . Note t h a t N-jH^ does n o t e x i s t i n t h e pure form and has 
n o t been observed o u t s i d e a z e o l i t e cage (6) • 
Numerous a t t e m p t s a re c u r r e n t l y b e i n g made t o use 
z e o l i t e s t o s o l v e , o r improve t h e s o l u t i o n o f t e c h n o l o g i c a l 
p roblems. New t y p e s o f z e o l i t e s and v a r i a t i o n s on e x i s t i n g 
t y p e s a re b e i n g s y n t h e s i z e d a t p r e s e n t and many more w i l l 




w i l l be a b l e t o s y n t h e s i z e a z e o l i t e - t y p e m a t e r i a l t o meet 
p a r t i c u l a r a p p l i c a t i o n s . 
The f i r s t a p p l i c a t i o n s o f z e o l i t e s i n i n d u s t r y was i n 
s e p a r a t i o n s , b u t t h i s was f o l l o w e d by i m p o r t a n t c a t a l y t i c 
u ses. R e c e n t l y , t h e y have a l s o been a p p l i e d i n s o l v i n g 
e n v i r o n m e n t a l problems (3-9). 
2. S p e c t r o s c o p i c s t u d i e s 
S p e c t r o s c o p i c t e c h n i q u e s can i d e a l l y g i v e i n f o r m a t i o n 
about t h e n a t u r e o f s u r f a c e s and s p e c i e s adsorbed on s u r f a c e s . 
I t has g e n e r a l l y proved d i f f i c u l t t o o b t a i n t h e Raman s p e c t r a 
o f z e o l i t e s , and p a r t i c u l a r l y o f z e o l i t e s c o n t a i n i n g adsorbed 
s p e c i e s . Z e o l i t e s themselves g i v e r i s e t o v e r y weak Raman 
s c a t t e r i n g and t h e i r f l u o r e s c e n c e background i s o f t e n h i g h 
( 9 ) ; t h i s f l u o r e s c e n c e i s due t o t h e presence o f t r a n s i t i o n 
m e t a l i o n s o r o f t r a c e q u a n t i t i e s o f o r g a n i c i m p u r i t i e s ( 1 0 ) . 
S i m i l a r l y , g r e a t d i f f i c u l t y has been e x p e r i e n c e d w i t h f a r -
i n f r a r e d s t u d i e s ( 1 1 ) . A p a r t from t h e i n t r i n s i c e x p e r i m e n t a l 
d i f f i c u l t i e s , t h e low f r e q u e n c y normal modes o f t h e adsorbed 
s p e c i e s appear t o y i e l d bands w h i c h are o f v e r y low i n t e n s i t y 
r e l a t i v e t o t h e v i b r a t i o n s o f t h e framework. 
I n f r a r e d s p e c t r o s c o p y can g i v e d e f i n i t e i n f o r m a t i o n 
on t h e s t r u c t u r e and s u r f a c e p r o p e r t i e s o f z e o l i t e s and 
o f how th e s e a r e m o d i f i e d by v a r i o u s t r e a t m e n t s . Changes 
i n t h e s p e c t r a o f t h e z e o l i t e i t s e l f and o f mol e c u l e s 
adsorbed on t h e s u r f a c e can y i e l d d i r e c t i n f o r m a t i o n about 
th e s u r f a c e , t h e p o s i t i o n o f adsorbed molecules and t h e 
i n t e r a c t i o n between them ( 1 1 - 1 8 ) . I n f r a r e d s p e c t r o s c o p y 
i s a most s e n s i t i v e s t r u c t u r a l t e c h n i q u e ( 3 ) . 
3 
The d e t a i l e d a b s o r p t i o n bands o f t h e s o l i d s u p p o r t and o f 
t h e adsorbed s p e c i e s a r e n o t always a l l observed. Sometimes 
t h e a b s o r p t i o n bands o f prime i n t e r e s t a r e obscured by 
s t r o n g bands a s s o c i a t e d w i t h v i b r a t i o n s o f t h e z e o l i t e . 
D e s p i t e t h e problems t h a t may a r i s e , i n f r a r e d 
s p e c t r o s c o p y remains a p o w e r f u l method o f s t u d y i n g adsorbed 
s p e c i e s . 
4 
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CHAPTER 2 
THE STRUCTURE AND CHEMISTRY 
OF ZEOLITES 
1. Z e o l i t e s s t r u c t u r e s and p r o p e r t i e s 
a. General s t r u c t u r e 
Z e o l i t e s a r e framework a l u m i n o s i l i c a t e s based on a 
t h r e e - d i m e n s i o n a l network o f A10. and SiO. t e t r a h e d r a l i n k e d 
4 4 
t o each o t h e r by c o r n e r s h a r i n g o f oxygens. Since t h e A l atoms 
are t r i v a l e n t , each AlO^ u n i t i s n e g a t i v e l y charged and the 
charge on the s e u n i t s i s b a l a n c e d by framework c a t i o n s . 
I n t h e h y d r a t e d z e o l i t e , t h e c a t i o n s a re u s u a l l y q u i t e 
m o b i l e i n t h e channels and t h e r e f o r e can be exchanged, a t 
l e a s t t o some e x t e n t , by o t h e r c a t i o n s (1-9) . 
Z e o l i t e s may be r e p r e s e n t e d by t h e e m p i r i c a l f o r m u l a : 
M 2 / 0. A1 20 3„ XSi0 2„ YH 20 (2,6) 
' n 
Where n i s t h e v a l e n c e o f th e c a t i o n M and X ^  2 s i n c e 
AlO^ t e t r a h e d r a a r e assumed t o be j o i n e d t o SiO^ t e t r a h e d r a . 
A l a r g e number o f b o t h n a t u r a l and s y n t h e t i c z e o l i t e s are 
known. The s t r u c t u r e s o f these b e l o n g t o d i s t i n c t groups 
w i t h common b u i l d i n g b l o c k s ; z e o l i t e s A, X and Y have 
frameworks c o n s i s t i n g o f l i n k e d t r u n c a t e d o c t a h e d r a c a l l e d 
s o d a l i t e u n i t s ( F i g . l a ) w h i c h a r e c h a r a c t e r i s t i c o f t h e 
s t r u c t u r e o f s o d a l i t e . These are composed o f 2 4 ( A l , S i ) ions 
i n t e r c o n n e c t e d w i t h 36 oxygen a n i o n s , and c o n t a i n e i g h t 
hexagonal and s i x square f a c e s . 
I n z e o l i t e s X and Y, t h e framework c o n s i s t s o f a 
t e t r a h e d r a l arrangement o f s o d a l i t e u n i t s l i n k e d by s i x 
6 
b r i d g i n g oxygen atoms. The s t r u c t u r e i s v e r y open w i t h 
12A* d i a m e t e r a l m o s t s p h e r i c a l c a v i t i e s (supercages) ( F i g . 
l b ) , each o f w h i c h i s surrounded t e t r a h e d r a l l y by f o u r 
s i m i l a r c a v i t i e s s e p a r a t e d one from a n o t h e r by c o n s t r i c t i o n s 
8-98 i n d i a m e t e r , formed by d i s t o r t e d " 1 2 - r i n g s " o f 
oxygen atoms. The u n i t c e l l c o m p o s i t i o n o f z e o l i t e X 
i s N a 8 6 . ( A l O 2 ) 8 6 . ( S i 0 2 ) l o o _ 2 6 4 H 20. 
The b a s i c framework f o r z e o l i t e Y i s t h e same as 
t h a t o f z e o l i t e X, b u t t h e S i / A l r a t i o i s h i g h e r , g e n e r a l l y 
r a n g i n g from 1.5 t o 3.0. 
I n z e o l i t e A t h e t r u n c a t e d o c t a h e d r o n i s l i n k e d t o i t s 
n e i g h b o u r by f o u r b r i d g i n g oxygen i o n s ( 1 0 , 1 1 ) ; t h i s 
c o n f i g u r a t i o n g i v e s a r o u g h l y s p h e r i c a l i n t e r n a l c a v i t y 
c a l l e d t h e °*.-cage ( F i g . l c ) 11.4% i n d i a m e t e r . T h i s may 
be e n t e r e d t h r o u g h s i x a p p r o x i m a t e l y c i r c u l a r windows 4. 2* 
i n d i a m e t e r , t h e c i r c u m f e r e n c e s o f w h i c h c o n t a i n e i g h t 
oxygen atoms and are hence known as " 8 - r i n g s " . A second 
s e t o f v o i d s ((3-cages:6. 6A i n d i a m e t e r ) i s c o n t a i n e d w i t h i n 
t h e s o d a l i t e u n i t t h e m s e l v e s . These i n t e r c o n n e c t w i t h t h e 
«-cages t h r o u g h ad i s t o r t e d " 6 - r i n g " o f oxygen atoms 2 .2$ 
i n d i a m e t e r . There may, t h e r e f o r e , be c o n s i d e r e d t o be 
two i n t e r c o n n e c t i n g pore systems, one o f d i a m e t e r 11.4.8 
o o w i t h 4.2A c o n s t r i c t i o n s , and t h e o t h e r o f a l t e r n a t e 11.4A 
o "• . o and 6.6A c a v i t i e s s e p a r a t e d by 2.2A c o n s t r i c t i o n s . 
b . C a t i o n p o s i t i o n s 
C a t i o n s a r e u s u a l l y d i s t r i b u t e d over a range o f 
d i f f e r e n t s i t e s w i t h i n a p a r t i c u l a r z e o l i t e framework ( 2 ) . 
A c c o r d i n g t o X-ray s t r u c t u r a l a n a l y s i s , t h e d i s t r i b u t i o n 
SODALITE 
( a ) 
ZEOLITE 13X ZEOLITE A 
( b ) (C ) 
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o f c a t i o n s i s a l t e r e d a f t e r t h e a d s o r p t i o n o f w a t e r or 
t r e a t m e n t a t d i f f e r e n t t e m p e r a t u r e s ( 1 3 ) . I n g e n e r a l t h e 
c a t i o n s d i s t r i b u t e themselves amongst t h e s i t e s so as t o 
m i n i m i s e t h e f r e e - e n e r g y and t h e r e i s u s u a l l y o n l y p a r t i a l 
occupancy o f many o f t h e a v a i l a b l e s i t e s . T h i s d i s t r i b u t i o n 
i s a f u n c t i o n o f t e m p e r a t u r e , t h e c a t i o n i c s p e c i e s , t h e 
s t a t e o f h y d r a t i o n and t h e z e o l i t e S i / A l r a t i o ( 1 ) . 
I n t h e mid-1960s t h r e e main t y p e s o f s i t e were g e n e r a l l y 
r e c o g n i z e d , l a t e r t h e number o f d e f i n e d c a t i o n s i t e s i n c r e a s e d 
and these a r e d e s c r i b e d as f o l l o w s ( F i g . 2 ) . 
S i t e I s i t u a t e d i n t h e c e n t r e o f t h e hexagonal p r i s m -
S i t e I ' on a t r i a d a x i s d i s p l a c e d i n t o t h e s o d a l i t e cage 
from t h e hexagonal face shared by t h e s o d a l i t e 
cage and t h e hexagonal p r i s m . 
S i t e I I ' on a t r i a d a x i s d i s p l a c e d i n t o t h e s o d a l i t e 
cage from t h e open s i x membered r i n g o f t h e 
s o d a l i t e u n i t . 
S i t e I I d i s p l a c e d from t h e open s i x membered r i n g i n t o 
t h e supercage. 
S i t e I I I d i s p l a c e d i n t o t h e supercage from b r i d g i n g 
f o u r membered r i n g s and 
S i t e l V v e r y n e a r l y a t t h e c e n t r e o f t h e t w e l v e 
membered r i n g s s e p a r a t i n g t h e supercages 
(1-4, 14) . 
I t i s r e a s o n a b l e , t h e r e f o r e , t h a t t h o s e p o s i t i o n s most 
f a v o u r a b l e t o t h e c a t i o n under c o n s i d e r a t i o n w i l l f i l l 
f i r s t , and s u b s e q u e n t l y any r e m a i n i n g c a t i o n s w i l l occupy 
s i t e s i n o r d e r o f i n c r e a s i n g u n s u i t a b i l i t y . 




The c a t i o n s i t e s i n z e o l i t e Y 
The l i n e s r e p r e s e n t the bonds between the 
T atoms (Si,,Al) and the oxygen atoms. The 
oxygen atoms are located between the T atoms 
and are not n e c e s s a r i l y on the l i n e j o i n i n g them. 
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The p o s s i b l e c a t i o n p o s i t i o n s w i t h i n type Y and A 
z e o l i t e are shown i n Tables 1 and 2 r e s p e c t i v e l y . 
Table I t The c a t i o n p o s i t i o n s i n dehydrated NaY z e o l i t e s (2) 
Types of S i t e s Max . a v a i l a b l e S i t e occupancy 
I 16 7.5 
I ' 32 19.5 
I I ' 32 -
I I 32 30 
u 8 -
c . Ion exchange 
Ion exchange i n z e o l i t e s has been wi d e l y s t u d i e d . 
C a t i o n s e l e c t i v i t i e s i n z e o l i t e s , however, do not follow 
the t y p i c a l r u l e s (2) that are evidenced by other inorganic 
and organic ion exchangers. Z e o l i t e s t r u c t u r e s have unique 
f e a t u r e s which lead to unusual types of c a t i o n s e l e c t i v i t y 
and s i e v i n g . The c a t i o n exchange behaviour of z e o l i t e s 
depends upon the ( 2 , 3 ) : 
a) Nature of the c a t i o n s p e c i e s , the c a t i o n s i z e , both 
anhydrous and hydrated, and c a t i o n charge, 
b) Temperature, 
c) Concentration of the c a t i o n s p e c i e s i n s o l u t i o n , 
d) The anion s p e c i e s a s s o c i a t e d w i t h the c a t i o n i n s o l u t i o n , 
e) S t r u c t u r e and c h a r a c t e r i s t i c s of the p a r t i c u l a r z e o l i t e . 
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Table 2: Cation L o c a t i o n s i n Type NaA z e o l i t e 
P o s i t i o n Designation Number 
In an 8-rin g SI ' 
Adjacent to an 8-ring, 
but d i s p l a c e d i n t o 
a 26-hedron ( o c - c a g e ) . 
S I * 
< 
3 per u n i t c e l l 
I n a 6-ring S2 
Adjacent to a 6-ring, 
but d i s p l a c e d i n t o 
a 26-hedron («c -cage) . 
S2* 8 per u n i t c e l l 
Adjacent to a 6-ring, 
but d i s p l a c e d i n t o 
a s o d a l i t e (3-cage . 
S2 ' 
Against a 4 - r i n g forming 
one of the r i b s of a 
26-hedron (oc -cage) . 
S3 12 per u n i t c e l l 
I n the c e n t r e of a 
s o d a l i t e (3-cage 
SU 1 per u n i t c e l l 
I n the ce n t r e of a 
26-hedron (oc -cage) . 
S4 1 per u n i t c e l l 
G e n e r a l l y i t i s e a s i e r for a c a t i o n to d i f f u s e down 
a l a r g e channel and the temperature a t which the exchange 
i s c a r r i e d out i s often of great importance. The ion exchange 
c a p a c i t y of z e o l i t e s i s l a r g e and can approach the c a p a c i t y 
of the b e s t r e s i n ion exchangers. T h i s a b i l i t y to undergo 
r e v e r s i b l e c a t i o n exchange i s one of the most important 
p r o p e r t i e s of z e o l i t e s , the most s t r i k i n g m o d i f i c a t i o n that 
can be made i n t h i s r e s p e c t i s to change the molecular s i e v e 
p r o p e r t i e s . For example, the replacement of Na + ions i n 
Linde A by K + ions cause a decrease i n the s o r p t i o n 
to e s s e n t i a l l y zero ( 1 7 ) . Also, changing the c a t i o n for 
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one of higher charge i n a z e o l i t e may e f f e c t i v e l y enlarge 
the pore openings by d i m i n i s h i n g the c a t i o n population and 
by r e s i t i n g the c a t i o n s which are normally located near 
these openings. I n z e o l i t e A, d i v a l e n t ion exchange opens 
the aperture to f u l l diameter whereas exchange with a 
l a r g e r u n i v a l e n t ion diminishes the aperture s i z e . Potassium 
ion exchange i n z e o l i t e A reduces the e f f e c t i v e adsorption 
pore s i z e to the point where only s m a l l polar molecules 
are adsorbed ( 2 ) . 
d . Adsorption 
In c o n t r a s t with other molecular s i e v e s , z e o l i t e s 
have pores of uniform s i z e which are uniquely determined by 
the s t r u c t u r e of the c r y s t a l . F i g . 3 shows for comparison 
the pore s i z e d i s t r i b u t i o n for z e o l i t e s 4A and 13X, s i l i c a 
g e l l and a c t i v a t e d carbon (10,11,13,14,16-19). The dehydrated 
c r y s t a l l i n e z e o l i t e s are the most important molecular 
s i e v e s ( 6 ) . These m a t e r i a l s have a high i n t e r n a l s u r f a c e 
a r e a a v a i l a b l e for adsorption due to the channels or pores 
which uniformly penetrate the e n t i r e volume of the s o l i d . 
The e x t e r n a l s u r f a c e of the adsorbent p a r t i c l e s c o n t r i b u t e s 
only a s m a l l amount of the t o t a l a v a i l a b l e s u r f a c e a r e a . 
The f i r s t experimental observations of the adsorption of 
gases on z e o l i t e s and t h e i r behaviour as molecular s i e v e s 
were conducted on the z e o l i t e m i n e r a l s . 
The adsorbed phase d i s p e r s e s through the i n t e r n a l voids 
of the c r y s t a l without d i s p l a c i n g any atoms which make up 
the permanent c r y s t a l s t r u c t u r e . There are s e v e r a l f a c t o r s 
which i n f l u e n c e the r a t e of adsorption i n z e o l i t e s such as 





50 100 1000 
pore diameter (8 ) 
Fig.3 pore size distribution of various molecular sieves 
a. type zeolite 
b. type 13X zeolite 
c. s i l i c a gel 
d. activited carbon 
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dehydration. The adsorption of a molecule depends p a r t i a l l y 
upon i t s p o l a r i t y and p o l a r i z a b i l i t y together with v a r i a t i o n s 
i n the chemical composition of the z e o l i t e ( 6 ) . 
The main channels by which d i f f u s i o n occurs in z e o l i t e s 
are formed by c a v i t i e s connected by apertures, the w a l l s 
of the channels,which form the i n t e r n a l s u r f a c e , c o n t a i n a 
r e g u l a r a r r a y of c a t i o n s that bear a charge depending upon 
the inadequacy of the l o c a l c o o r d i n a t i o n or screening by 
the oxygen ions of the framework. Upon dehydration and 
removal of water from the channels, the remaining c a t i o n s 
are stranded a t channel i n t e r s e c t i o n s or on channel w a l l s 
where they i n h i b i t d i f f u s i o n of other molecules. 
e. C a t a l y t i c a c t i v i t y 
Z e o l i t e s o f f e r unique o p p o r t u n i t i e s for s t u d i e s of 
heterogeneous c a t a l y s i s because of t h e i r c a t a l y t i c , 
s t r u c t u r a l and ion-exchange p r o p e r t i e s . These c r y s t a l l i n e 
a l u m i n o s i l i c a t e s , i n appropriate ion exchanged forms, can 
o f f e r s i z e a b l e a c t i v i t y enhancements and s e l e c t i v i t y 
a l t e r a t i o n s for c e r t a i n r e a c t i o n s (1) when compared with 
amorphous s i l i c a - a l u m i n a , although not n e c e s s a r i l y for a l l 
r e a c t i o n s ( 2 0 ) . 
The e x i s t e n c e of s e v e r a l d i f f e r e n t z e o l i t e framework 
s t r u c t u r e s , each of which can be r a t i o n a l l y modified by 
means of c o n t r o l l e d ion-exchange, o f f e r a range of c a t a l y t i c 
p r o p e r t i e s . There are s e v e r a l f a c t o r s which e f f e c t the 
c a t a l y t i c a c t i v i t y i n c l u d i n g (a) the number of a c t i v e s i t e s , 
(b) the s i z e and shape of adsorbed molecules, and (c) the 
r a t e of d i f f u s i o n (1). Various guest molecules can a l s o 
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s i g n i f i c a n t l y change the c a t a l y t i c p r o p e r t i e s of the z e o l i t e s . 
I t i s known t h a t the a d d i t i o n of s m a l l amounts of water 
i n c r e a s e s the a c t i v i t y of z e o l i t e s for carbonium-ion type 
r e a c t i o n s , c r a c k i n g a l k y l a t i o n and i s o m e r i z a t i o n ( 1 ) . The 
a d d i t i o n of water molecules to X and Y zeol-ites w i t h 
monovalent ions increases the i s o m e r i z a t i o n of cyclopropane (21) 
2. A p p l i c a t i o n s 
The growth of the z e o l i t e i n d u s t r y has been extremely 
slow c o n s i d e r i n g t h a t i t i s 25 years s i n c e commercially 
mineable d e p o s i t s were located ( 2 2 ) . 
The f i r s t a p p l i c a t i o n of dehydrated z e o l i t e s as molecular 
s i e v e s was i n the s e p a r a t i o n of gas mixtures. The commercial 
usas of z e o l i t e s i n adsorption are summarized i n Table 3 . 
Table 3 : Adsorption a p p l i c a t i o n s (23) 
Regenerative 
s e p a r a t i o n s based on s i e v i n g 
s e p a r a t i o n s based on s e l e c t i v i t y 
p u r i f i c a t i o n - bulk s e p a r a t i o n s . 
Non-regenerative 
Drying r e f r i g e r a n t s , 
c r y o s o r p t i o n . 
One of the e a r l i e s t a p p l i c a t i o n s i n ion exchange was 
i n the removal and p u r i f i c a t i o n of caesium and strontium 
r a d i o - i s o t o p e s . Uses of z e o l i t e s i n ion exchange are l i s t e d 
i n Table 4 (23). 
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Table /f: Ion-exchange a p p l i c a t i o n 
Removal of NH.+ from waste water 4 
Metal s e p a r a t i o n 
Radio-isotope removal and storage 
Detergent b u i l d e r 
A r t i f i c i a l - kidney d i a l y s a t e r egeneration 
Aquaculture - NH 4 + removal 
Ruminant feeding on non-protein nitrogen 
Ion-exchange f e r t i l i z e r s . 
More z e o l i t e s are c u r r e n t l y used i n c a t a l y s i s than i n 
any other a p p l i c a t i o n , e.g. as c r a c k i n g c a t a l y s t s for 
converting petroleum into l i g h t e r f r a c t i o n s i n c l u d i n g 
g a s o l i n e and f u e l o i l . Petrochemical feeds have provided 
the major market for these m a t e r i a l s . 
Some a p p l i c a t i o n s of z e o l i t e s i n c a t a l y s i s are given 
i n Table 5 
Table 5 : C a t a l y s i s a p p l i c a t i o n s 
Hydrocarbon conversion 
A l k y l a t i o n 
Cracking 
Hydrocracking 
I s o m e r i z a t i o n 
Hydrogenation and dehydrogenation 
Hydro-dealkylation 
Methanation 
S h a p e - s e l e c t i v e reforming 
Dehydration 
Organic C a t a l y s i s 
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Inorganic r e a c t i o n s 
HjS o x i d a t i o n 
3. A p p l i c a t i o n of i n f r a r e d spectroscopy to the study 
of z e o l i t e s 
I n f r a r e d spectroscopy has been of the g r e a t e s t value 
i n the determination of the s t r u c t u r e of molecules. I t has 
been very w i d e l y used i n r e s e a r c h i n the f i e l d of s u r f a c e 
chemistry and i n the study of adsorbed s p e c i e s . 
a. I n f r a r e d s t u d i e s of z e o l i t e frameworks 
I n f r a r e d spectroscopy has been e x t e n s i v e l y used to 
e l u c i d a t e the framework s t r u c t u r e of z e o l i t e s . For instance, 
Zhdanov e t a l (24) have a p p l i e d i n f r a r e d spectroscopy to 
the study of the frameworks of a s e r i e s of X and Y z e o l i t e s 
as a f u n c t i o n of S i / A l r a t i o , c a t i o n type and s t a t e of 
hy d r a t i o n . I n the region i n v e s t i g a t e d , 400-800 cm-"*", they 
i d e n t i f i e d two types of v i b r a t i o n : the f i r s t due to 
i n t e r n a l v i b r a t i o n s of the ( A l B S i ) 0^ tetrahedron, which 
i s the primary u n i t of the s t r u c t u r e and which i s not 
s e n s i t i v e to other s t r u c t u r a l v a r i a t i o n , and the second 
which may be r e l a t e d to the li n k a g e s between t e t r a h e d r a . 
The most d e t a i l e d study of the framework s t r u c t u r e s of 
z e o l i t e s and t h e i r c l a s s i f i c a t i o n to groups has been made 
by F l a n i g e n e t a l ( 2 5 ) . The study was made i n the 1300-200 cm 
reg i o n s i n c e t h i s range c o n t a i n s the fundamental v i b r a t i o n s 
of the ( S i / ) A 1 ) 0 4 t e t r a h e d r a . 
A summary of some i n f r a r e d assignments of framework 
v i b r a t i o n s are given i n Table 6 . T h i s i s data for 
NaY (Fig.5) z e o l i t e and i s intended to i l l u s t r a t e the 
assignment scheme (25) . I n the s p e c t r a shown, the i n t e r n a l 
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t e t r a h e d r a l l i n k a g e s are drawn i n f u l l l i n e , and t h e 
s t r u c t u r e s e n s i t i v e e x t e r n a l v i b r a t i o n s with broken l i n e s 
(8,10,26,27,28). 
Table 6' I n f r a r e d assignments of z e o l i t e framework v i b r a t i o n s (2 5) 
I n t e r n a l t e t r a h e d r a 
E x t e r n a l l i n k a g e s 
- Asym . s t r e t c h 1250 - 950 
- Sym. s t r e t c h 720 - 650 
- T-0 bend 500 - 420 
- Double r i n g 650 - 500 
- pore opening 420 - 300 
- Sym. s t r e t c h 750 - 820 
- Asym . s t r e t c h 1150 -1050 
asym, sym. double T=0 pore 
stretch stretch .ring , 
F i g . (5) I n f r a r e d assignments i l l u s t r a t e d w i t h t h e 
spectrum of z e o l i t e Y , S i / A l of 2.5 ( 2 5 ) . 
The f u l l l i n e i n d i c a t e s v i b r a t i o n s due t o t h e 
i n t e r n a l t e t r a h e d r a l l i n k a g e s and the 
broken l i n e the s t r u c t u r e s e n s i t i v e 
e x t e r n a l v i b r a t i o n s . 
V5 
The hydroxyl groups i n z e o l i t e s 
The hydroxyl groups have been e x t e n s i v e l y studied by i n f r a r e d 
spectroscopy. Three types of hydroxyl groups were detected by 
B e r t s c h and Habgood (3 9-32). These measurements provide 
information concerning the l o c a t i o n of the hydroxyl groups, 
t h e i r f u n c t i o n a l i t y and (28,29,30) information concerning the 
l o c a t i o n of the c a t i o n s themselves. The bands a t 3660 and 
3 5 50cm-''" are due to the most important hydroxyl groups and are 
r e f e r r e d to as the high frequency and low frequency bands, 
r e s p e c t i v e l y . 
I n f r a r e d provide u s e f u l information as to how these s u r f a c e s 
are modified by various treatments. 
b. Adsorption of molecules 
A la r g e number of s t u d i e s and reviews have been published 
of molecules adsorbed on z e o l i t e s (5,8,16,32-34). The e a r l i e s t 
study was of benzene (33) over Na and CaX z e o l i t e s by K i s e l e v 
e t a l . The C-C s t r e t c h i n g v i b r a t i o n band a t 1486cm""'" was very 
much stronger than the CH s t r e t c h i n g band. A d e t a i l e d study of 
the adsorption of ethylene has been reported (34) . $ e r y l a r g e 
i n t e n s i t y changes, l a r g e r than those p r e v i o u s l y observed w i t h 
benzene (33) were found. E b e r l y studied the i n t e r a c t i o n between 
o l e f i n s and z e o l i t e s a t high temperatures. The behaviour of 
adsorbed s p e c i e s a t high temperatures i s p a r t i c u l a r l y u s e f u l 
i n r e l a t i o n to c a t a l y s i s , which i s often conducted under 
these c o n d i t i o n s (35-3 7 ) . Other a p p l i c a t i o n s of i n f r a r e d 
spectroscopy to the study of z e o l i t e s i n c l u d e : 
(1) The S i O 2 / A l 2 0 3 r a t i o 
The frequency s h i f t of the i n f r a r e d s t r e t c h i n g bands 
w i t h the v a r i a t i o n i n S i / A l r a t i o i n the t e t r a h e d r a l 
frameworks has been reported (38^39) . From i n f r a r e d s p e c t r a 
of the s y n t h e t i c sodium z e o l i t e s A, X, Y e r i o n i t e and 
mordenite, Shikumove e t a l , drew a q u a n t i t a t i v e r e l a t i o n s h i p 
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between the p o s i t i o n of the main asymmetric s t r e t c h band 
and z e o l i t e S i / A l r a t i o , F l a n i g e n and Grose (40 used 
mi d - i n f r a r e d spectroscopy to c h a r a c t e r i z e the framework 
composition of phosphate z e o l i t e s and e s t a b l i s h proof of 
phosphorous s u b s t i t u t i o n i n the framework. The observation 
and assignment of I n f r a r e d frequencies can g e n e r a l l y be 
a p p l i e d to prove t h a t framework s u b s t i t u t i o n has occurred. 
(2) Cation type and c a t i o n s i t e s 
The nature and c r y s t a l l o g r a p h i c s i t e s of c a t i o n s i n 
z e o l i t e s have been reported to be r e f l e c t e d i n the i n f r a r e d 
s p e c t r a . Zhdanov e t a l (24) showed the strong s e n s i t i v i t y 
of framework i n f r a r e d v i b r a t i o n s to c a t i o n type and charge 
for a s e r i e s of Na, Sr and Ca ion-exchanged forms of z e o l i t e X. 
F l a n i g e n e t a l (25) noted t h a t dehydration of the s y n t h e t i c 
forms of z e o l i t e s A, X, Y, L and fi , a l l c o n t a i n i n g a l k a l i 
metal c a t i o n s , showed only minor s p e c t r a l changes; however, 
they reported s i g n i f i c a n t changes i n s p e c t r a of dehydrated 
z e o l i t e s i n p o l y v a l e n t c a t i o n forms, such as CaY, as shown 
i n F i g . 6 . The s p e c t r a l changes were i n t e r p r e t e d as due to 
c a t i o n movement or r e s i t i n g of c a t i o n s as a r e s u l t of 
dehydration, dehydroxylation and r e h y d r a t i o n r e a c t i o n s , 
2+ 
and i t shows the migration of Ca c a t i o n s from i n s i d e of 
the s o d a l i t e u n i t i n t o a p o s i t i o n near the c e n t r e of the 
D-6 r i n g ( s i t e I ) . 
B r o d s k i i , Zhdanov and S t a r e v i c h (41,42) studied the 
e f f e c t of dehydration on a s e r i e s of a l k a l i - m e t a l c a t i o n 
exchanged forms of z e o l i t e X and Y w i t h v a r y i n g S i / A l 
r a t i o s . T h e i r s p e c t r a l data shows t h a t s p e c t r a l changes 
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the c a t i o n s i t e . They a l s o showed that t h e framework 
-— -3/2 
frequency i s p r o p o r t i o n a l to m 2 R ' where m i s c a t i o n 
mass and R i s c a t i o n r a d i u s ( 4 2 ) . 
(3) Z e o l i t e s y n t h e s i s mechanism 
I n f r a r e d spectroscopy can a l s o apply t o i n v e s t i g a t i o n s 
of the mechanism of c r y s t a l l i z a t i o n of z e o l i t e s from 
hydrous a l u m i n o s i l i c a t e g e l s or other a l u m i n o s i l i c a t e 
systems, such as the c r y s t a l l i s a t i o n sequence f o r NaY 
z e o l i t e from a sodium a l u m i n o s i l i c a t e g e l ( 2 ) . 
(4) C a t a l y t i c system 
The a p p l i c a t i o n of i n f r a r e d spectroscopy t o t h e c a t a l y t i c 
a s p e c t s of z e o l i t e s has been i n two major a r e a s . 
a, the e l u c i d a t i o n of the s t r u c t u r a l groups i n 
z e o l i t e s and t h e i r p r o p e r t i e s as they p e r t a i n t o c a t a l y t i c 
c e n t r e s , and 
b. the observation of c a t a l y t i c r e a c t i o n s on z e o l i t e s 
w h i l e the r e a c t i o n s are a c t u a l l y o c c u r r i n g on the z e o l i t e 
s u r f a c e . The s u r f a c e of decationated Y z e o l i t e was studied 
during cumene c r a c k i n g on the z e o l i t e (43), and i t was 
found t h a t the 3550 cm -^ band i s not inf l u e n c e d by t h e 
cumene w h i l e the 3640cm^band decreased i n i n t e n s i t y w i t h 
time. As the temperature was r a i s e d t o over 32 5°C, however, 
the 3550 cm""*' band i n t e n s i t y a l s o decreased. T h i s i n d i c a t e d 
t h a t no i n t e r a c t i o n of the cumene with the s p e c i e s r e s p o n s i b l e 
for t h i s band occurs below 325°C and th a t these s i t e s are 
probably not a c t i v e c a t a l y t i c c e n t r e s . The s p e c i e s producing 
the 3640 cm~^ band are the a c t i v e s i t e s . 
Although many s t u d i e s have been reported on c a t a l y t i c 
r e a c t i o n s over z e o l i t e s , the p a r t i c u l a r s i t e s r e s p o n s i b l e 
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for r e a c t i o n s t i l l remain u n c e r t a i n i n a l l but a few cases. 
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CHAPTER 3 
TECHNIQUES AND INSTRUMENTATION 
1. I n f r a r e d Spectrophotometer; 
A Perkin-Elmer 580B i n f r a r e d spectrophotometer was 
used. I t i s a double beam, r a t i o recording instrument, which 
provides a continuous record of the t r a n s m i s s i o n of a sample 
as a f u n c t i o n of frequency. (1) The source i s a ceramic 
tube, i t i s heated to 1200°C and produces a continuous 
spectrum of electromagnetic r a d i a t i o n . 
The r a d i a t i o n from the source i s focused on a b a f f l e 
by a t o r o i d mirror, the b a f f l e ensures t h a t r a d i a t i o n from 
only a l i m i t e d s u r f a c e a r e a of the source i s admitted to the 
o p t i c a l system thus minimizing sample h e a t i n g . The b a f f l e 
image i s focused on to the f i r s t chopper mirror which r o t a t e s , 
d i v i d i n g the source energy into sample and r e f e r e n c e beams. 
The two beams are focused i n t o the sample compartment. A f t e r 
the sample compartment the a l t e r n a t e p u l s e s of r a d i a t i o n from 
the two beams are combined by the a c t i o n of a second chopper, 
which has r e f l e c t i v e f i r s t and t h i r d quadrants. During the 
f i r s t and second quadrants the second chopper r e c e i v e s energy 
v i a the sample and r e f e r e n c e beams r e s p e c t i v e l y . During the 
t h i r d and fourth quadrants chopper 1 c u t s o f f the source 
energy so that any energy appearing a t the second chopper 
i s due to r e - r a d i a t i o n e f f e c t s from the sample compartment, then 
the two beams are combined i n t o a s i n g l e beam of a l t e r n a t i n g 
segments ( 1 ) . When the beams are of equal i n t e n s i t y , the 
instrument i s a t an o p t i c a l n u l l . The r e c o r d i n g pen i s then 
a t 100% T when no sample i s present ( 2 - 4 ) . The beam i s then 
focused on the monochromator entrance s l i t . The s l i t r e s t r i c t s 
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the r a d i a t i o n p a s s i n g through i t to a narrow wavenuraber band 
the mean of which corresponds to the wavenumber a t which the 
measurement i s being made. The e f f e c t i v e bandwidth v a r i e s 
w i t h the wave number s e t t i n g of the instrument s i n c e the s l i t 
width i s programmed to maintain approximately constant energy 
a t the d e t e c t o r over most of the wavenumber range. 
The d e t e c t o r c o n s i s t s of a thermocouple w i t h i n an 
evacuated housing a t the focus of an on-axis e l l i p s o i d mirror, 
the r a d i a n t energy l e a v i n g the e x i t s l i t i s t h e r e f o r e 
focused by the e l l i p s o i d as an image of the s l i t reduced 
i n l i n e a r dimensions by a f a c t o r of e i g h t . A caesium iodide 
lens on the thermocouple assembly f u r t h e r raduces the 
dimensions of the s l i t image f a l l i n g on the t a r g e t . 
The a l t e r n a t i n g s i g n a l from the d e t e c t o r i s a m p l i f i e d 
and then demodulated by the s i g n a l p r o c e s s i n g e l e c t r o n i c s 
to give separate sample and r e f e r e n c e beam s i g n a l s , which 
are compensated for the e f f e c t s of thermal r e - r a d i a t i o n from 
the sample compartment. The r a t i o m e t e r produces the r a t i o 
of the two s i g n a l s , which corresponds to the transmittance 
value of the sample. The r a t i o s i g n a l i s then f i l t e r e d to 
reduce the noise l e v e l , and b a s e l i n e adjustment, o f f s e t t i n g 
and s c a l i n g operations are performed on the s i g n a l i n the 
ordinate functions u n i t . The s i g n a l i s then supplied to the 
r e c o r d e r . 
A b r i e f o u t l i n e of the operation of the PE 580 i n f r a r e d 
spectrophotometer i s shown i n the block diagram in F i g ( 1 ) . 
2. I n f r a r e d data s t a t i o n ; 
The Perkin-Elmer i n f r a r e d data s t a t i o n i s designed for 
















The data s t a t i o n i s provided i n three modules, (a) the v i s u a l 
d i s p l a y u n i t , which i s used to d i s p l a y a s p e c t r a , (b) the 
keyboard, which i s used to enter system commands, and (c) the 
data p r o c e s s i n g module which houses the system e l e c t r o n i c s 
and two micro-floppy d i s c d r i v e s . 
When the data s t a t i o n i s connected to the spectrophotometer 
an i n t e g r a t e d i n f r a r e d data system r e s u l t s , w h i l e independent 
use of the spectrophotometer i s p o s s i b l e . 
A block diagram of the system i s shown i n F i g (2) the 
system software provides the step-by-step i n s t r u c t i o n s to 
the data s t a t i o n which i n turn c o n t r o l s the spectrometer. 
The data p r o c e s s i n g module s o r t s the i n s t r u c t i o n s to the 
instrument and accepts data from i t w h i l e the working 
memory i n the data p r o c e s s i n g module s t o r e s the s p e c t r a l data 
for manipulation and m o d i f i c a t i o n by the a p p l i c a t i o n s 
programme r o u t i n e s . The data then may be saved on a bulk 
storage d i s c . 
The PE 5>80 a p p l i c a t i o n s programme i s provided on one 
of the microfloppy d i s c s supplied w i t h the system. This 
programme permits a c q u i s i t i o n of s p e c t r a from the spectro-
photometers, d i s p l a y of the s p e c t r a on the v i s u a l d i s p l a y 
u n i t , and subsequent storage of the s p e c t r a on d i s c . 
There are twenty-four s p e c i a l f u n c t i o n keys provided 
a t the top of the keyboard module. One of the most important 
keys^which i s often u s e d , i s the ABEX command. T h i s command 
i s e q uivalent to running a second spectrum w i t h a sample of 
incr e a s e d or decreased c o n c e n t r a t i o n . I t i s g e n e r a l l y used 
by us to expand s p e c t r a of h i g h l y absorbing samples and the 
expansion f a c t o r may be entered as any value > 1. I f the 
spectrum i s stored i n t r a n s m i s s i o n (T%) each point i s converted 
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to i t s corresponding absorbance value and the expansion i s 
preformed on the spectrum and then reconverted to T%. I f 
the spectrum has p r e v i o u s l y been converted to absorbance (A), 
i t i s adjusted to 0„0A and m u l t i p l i e d by the f a c t o r . 
Reference ( 5 ) gives the d e t a i l e d information about the 
f u n c t i o n keys. 
3. Thermogravometric a n a l y s i s ; 
Thermogravometric a n a l y s i s , (TGA) has been c a r r i e d out 
using a TGA 750 to d e t e c t the changes of z e o l i t e weight as 
a f u n c t i o n of temperature. TGA provides the a n a l y s t w i t h a 
q u a n t i t a t i v e measurement of any weight change a s s o c i a t e d 
w i t h temperature. Changes i n weight are a r e s u l t of the 
rupture or formation of various p h y s i c a l and chemical bonds 
a t e l e v a t e d temperatures which lead to the e v o l u t i o n of 
v o l a t i l e products. TGA curves are c h a r a c t e r i s t i c for a given 
compound because of the unique sequence of the r e a c t i o n s (6) . 
In t h i s study, TGA has been used mainly to d e t e c t the 
l o s s of water molecules from z e o l i t e s as a f u n c t i o n of 
temperature. 
4. X-ray powder photography; 
This method has been used to d i s t i n g u i s h between the 
s t r u c t u r e of X and Y z e o l i t e s i n the powder form, and to t e s t 
for sample decomposition. Table (1) contains a comparison 
of the l i t e r a t u r e data ( 7 ) on X and Y z e o l i t e , compared 
with my values for the same z e o l i t e s . Cu K was used as 
the source of r a d i a t i o n ( 7 ) . 
2K + K 
— ^ 
3 
For the copper t a r g e t . 
CUK = 1.54178 A° 
aa 
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Table 1 - X-ray data (d,R ) for X and Y z e o l i t e s 
NaX z e o l i t e 
r e f (7) d(K ) 
NaY 
r e f 
z e o l i t e 
(7) d(A ) 
NaX z e o l i t e 
our data d(i? ) 
NaY z e o l i t e 1 
our data d(A ) 
14.46 14.29 13 .53 14.02 
8.84 8.75 8.82 8.57 
7.53 7.46 7.49 7.35 
5.73 5.68 5.72 5.52 
4.81 4.76 4.69 
4.41 4.38 4.37 4.30 
4.22 - - -
3 .94 3 .91 - 3.84 
3 .80 3 .77 - 3 .79 
3 .76 - 3 .76 -
3 .60 3.57 - 3 .69 
3 .50 3 .46 - -
3 .33 3 .30 3 .32 3 .39 
3 .25 3 .22 - 3 .24 
3 .05 3 .02 - -
2.94 2 .91 - 2 .94 
2 .88 2 .85 2.86 2 .86 
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5. I n f r a r e d c e l l : 
A purpose b u i l t i n f r a r e d c e l l was used for studying the 
i n f r a r e d s p e c t r a of the adsorbed gases. A diagram of t h i s 
c e l l i s shown i n F i g s . 3a, 3b. The c e l l was made from 
s t a i n l e s s s t e e l and was connected to a transformer which 
c o n t r o l s the temperature of the d i s c h o l der. The c e l l i s 
a l s o connected to o u t l e t s , for admission gases and for 
evacuations a t (a).The head of the c e l l i s a "Vacuum 
Generator" e l e c t r a l lead through w i t h 70mm UHV fla n g e . 
F u l l d e t a i l s of the dimensions of the c e l l are shown 
i n F i g s . 3a and 3b. 
Gases are admitted to the c e l l u s ing a valve i n the 
vacuum system and the pre s s u r e of the gas i s measured using 
a p i r a n i gauge. For l i q u i d s a f l a s k w i t h two rotaflows were 
used to j o i n between the c e l l and the valve of the vacuum 
l i n e . 
The c e l l can be heated i n s i t u to 400°C, by using 
molybdenum wire, as the hea t i n g element. The s p e c t r a of the 
sample i n t h i s c e l l could t h e r e f o r e be recorded a t any 
temperature between ambient and 400°C. A water j a c k e t i s 
shown a t (b) through which water i s c i r c u l a t e d to prevent 
the windows from g e t t i n g too hot. 
KRS-5 (ThI, ThBr) windows were used, s i n c e these have 
high t r a n s m i s s i o n i n the near i n f r a r e d region (20,000 - 250 era"''') . 
6. Vacuum systems: 
The vacuum l i n e used was metal made of s t a i n l e s s s t e e l 
except for the gas handling part (which was of g l a s s ) . 
Obvious requirements include a p i r a n i and hot cathode 
i o n i z a t i o n gauges. The pumps include the mechanical r o t a r y 
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to electrical connection 







Fig.3b front view of the c e l l 
to electrical connect-ion 
electrical lead 
through 
• c ZLD 
Mo wire 
water jacket 
disc holder 10 
o i l pump which can gi v e a vacuum down to 10 t o r r , and a 
_7 
turbo-molecular pump which goes to 10 t o r r or lower. 
A block diagram which shows the whole system i s shown 
i n Fig.4 
7. Sample p r e p a r a t i o n s ; 
Gases; 
The i n f r a r e d s p e c t r a of the gases were obtained a t a 
range of pressures i n the metal c e l l without the z e o l i t e d i s c 
L i q u i d s ; 
These may be examined d i r e c t l y i n very t h i n l a y e r s . 
KBr windows were used to obtain the s p e c t r a of the l i q u i d s . 
S o l i d s ; 
Transparent d i s c s were made by compressing the z e o l i t e 
w i t h KBr or as a s e l f - s u p p o r t i n g d i s c 10 mg of the 
z e o l i t e were pressed i n the d i e which has a diameter of 12mm 
A f t e r forming a s e l f - s u p p o r t i n g d i s c of the z e o l i t e 
the sample was then i n s e r t e d i n the c e l l and l e f t to 
evacuate u n t i l the pressure reaches 10~ 5 t o r r or l e s s . 
The sample was then heated slowly u n t i l most of the water 
bands were removed. During heating the pr e s s u r e i n c r e a s e s 
i n i t i a l l y but a f t e r the pressure decreased to 10~ 5 t o r r , 
the sample was cooled to the d e s i r e d temperature, and the 
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CHAPTER 4 
INFRARED SPECTROSCOPIC INVESTIGATION 
RELATING TO COKE FORMATION ON ZEOLITES: 
ADSORPTION OF HEXENg^LAND N-HEXANF 
1. I n t r o d u c t i o n 
Eisenbach and G a l l e i (1) s t u d i e d the adsorption of 
hexene-1 and n-hexane on to Y type z e o l i t e s (calcium and, 
ammonium exchanged) i n order to e l u c i d a t e the i n t e r a c t i o n 
of the f u n c t i o n a l hydroxy1 groups on both the i n t e r n a l and 
e x t e r n a l s u r f a c e s of the z e o l i t e w i t h these hydrocarbons. 
By h e a t i n g the CaY and NH^Y z e o l i t e s w ith the hydro-
carbons, they observed the formation of coke which lowered 
the a c t i v i t y of the c a t a l y s t due to the poisoning of the 
a c t i v e c a t a l y t i c c e n t r e s . As the coke band increased i n 
i n t e n s i t y , some of the hydroxyl bands decreesed. As a r e s u l t 
the authors c o r r e l a t e d the a c t i v e s i t e s f o r coke formation 
w i t h these hydroxyl groups. The i d e n t i f i c a t i o n of a p a r t i c u l a r 
s i t e r e s p o n s i b l e for coking makes the work both i n t e r e s t i n g 
and i n d u s t r i a l l y r e l e v a n t and r e p r e s e n t a new a p p l i c a t i o n 
of i n f r a r e d spectroscopy. 
Many s t u d i e s of coke formation i n z e o l i t e e.g. k i n e t i c s , 
mechanism and the e f f e c t on the p r o p e r t i e s of c a t a l y s t have 
been made by a number of workers ( 2 - 9 ) . Some of the work (10) 
was concerned w i t h c a t a l y s t poisoning, which occurs when the 
hydrocarbon converts over the z e o l i t e and g r a d u a l l y deposits 
coke on the s u r f a c e . 
None of these s t u d i e s however e l u c i d a t e the c o r r e l a t i o n 
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of coking a c t i v i t y w i t h a p a r t i c u l a r s i t e i n the catalyst. 
In contrast with e a r l i e r work, t h i s paper of Gallei and 
Eisenbach (1) l i n k s the in t e r a c t i o n of the hydrocarbons 
wi t h p a r t i c u l a r hydroxyl groups in the z e o l i t e c a t a l y s t . 
Coke formation involves condensation-hydrogen elimination 
reactions i n which the H/C r a t i o of the coke and i t s degree 
of unsaturation decrease as the time spent by the catalyst 
p a r t i c l e i n the reaction increases. Simultaneously with 
the deposit of coke on the catalyst the surface area decreased 
which indicates blocking of pores and active s i t e s . This 
shortens the l i f e of the c a t a l y s t . Deposits of coke at the 
pores l y i n g on the outer surface of the catalyst prevent 
entry of reactants to the zeolites framework. In some cases 
regeneration i s possible by blowing oxygen over the surface 
to reduce the coke. 
In t h i s chapter there w i l l be a comparison between 
our results and those of Eisenbach and Gal l e i for hexene-1 
and n-hexane adsorbed on calcium exchanged Y z e o l i t e . 
2. Exper imenta1: 
Materials 
CaY and NH4Y zeolites were prepared from NaY zeo l i t e 
(Union Carbide Corporation) by ion-exchange w i t h 0..1 and 
CON solutions of a n a l y t i c a l grade CaCl^ 2E20, NE4NO3 
(Analar) and Ca(N03>2 (Hopkins and Williams). The ion-
exchanges were carried out at ambient temperature, and the 
zeolites were analysed for Na,Al and either: Ca or NH4?as 
appropriate,using atomic absorption techniques. 
Eisenbach and Gal l e i presented t h e i r results as 
percentages of the oxides ( A l 2 0 3 , Na20, CaO)and NH 4 + a nd 
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so, to compare t h e i r r e s u l t s with ours, we have represented 
our data i n the same way. Gal l e i e t . a l . also assumed that 
t h e i r samples had zero water content. Since the zeolites were 
not dehydrated before analysis the percentage figures that 
they present cannot represent the true compositions of the 
zeo l i t e s . For more d e t a i l s see the analysis of the zeolites 
i n Table 1. An a l y t i c a l grade hexene-1 and n-hexane were 
used a f t e r d i s t i l l a t i o n and storage over molecular sieve 4A. 
Procedures 
lOmg of the CaY z e o l i t e was pressed i n the die (12mm 
diameter). As the disc was degassed by heating and pumping, 
spectra were obtained at a range of temperatures. Spectra 
of CaY ze o l i t e were recorded at ambient temperature,493 
and 623K. The z e o l i t e sample was then cooled to room 
temperature, the spectrum recorded, the hydrocarbon added 
and the spectrum obtained once more. The sample was then 
evacuated for 10 minutes, and the spectrum recorded. The 
zeol i t e was then exposed to the hydrocarbon once more at 
ambient temperature and the sample heated slowly to 4 73-5 73K 
and spectra recorded at a var i e t y of temperatures. 
3. Results and discussions 
a. Ion exchange 
As explained e a r l i e r , Eisenbach and G a l l e i assumed 
that t h e i r samples have zero water content but t h i s is 
i n v a l i d because the z e o l i t e was not dehydrated before 
analysis. In order to compare our data with t h e i r s , we 
have calculated the r a t i o s Al 20 3/Na 20, Al 20 3/CaO and 
A1 20 3/NH 4 ? since these are not affected by the presence of 
water. 
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Eisenbach and Ga l l e i (1) prepared t h e i r zeolites from 
the Na form of fau j a s i t e by ion exchange with O.lN solutions 
of NH^ NO^  and CaCNO^Jj a n <3 t h e i r analysis data is given i n 
Table 2. By comparing Tables 1 and 2, i t can be seen that 
the two sets of results are very d i f f e r e n t . I t should be 
noted that the samples were prepared by the same methods, 
except that we do not have any information on how long 
Eisenbach and Ga l l e i l e f t t h e i r ion exchange to take place. 
From Table 1, one can see that O.lN solution gives a lower 
degree of ion exchange than that of Eisenbach and G a l l e i . 
In view of t h i s , we carried out ion exchange i n 0.3N solutions 
to t r y to reach the same degree of ion exchange that they 
reached. In both cases, however, the degree of exchange 
we obtained is less than that of Eisenbach and Gallei 
although they used only O.lN solutions. In fa c t , the published 
a n a l y t i c a l data of Eisenbach and Gal l e i i s incorrect, and 
they have sent us a new table containing correct values 
(Table 3). Unfortunately t h i s data does not agree with ours 
e i t h e r . 
Eisenbach et a l (11) suggest that the .-eolite which 
we used i n our experiments is not Y z e o l i t e but X« 
By obtaining the X-ray powder photograph of the sample, we 
have shown that the ze o l i t e is indeed of type Y and not 
X (Table 4 ) . 
Several papers (13-16) show a range of values of the 
degree of ion exchange of CaY z e o l i t e , when prepared by 
d i f f e r e n t methods. None of these results agree with ours or 
those of Eisenbach et a l (1) . 
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Table 4: X-ray data (d,A ') for X and Y Zeolite 
0 
NaX (A ) 
our data 
0 NaY (A ) 
our data 
Nax (A ) 
r e f 12 Nay (A ) r e f 12 
13 .53 14.02 14.46 14 .29 
8.82 8.57 8.84 8.75 
7.49 7.35 7.53 7.46 
5.72 5 .52 5 .73 5 .68 
- 4.69 4.81 4 .76 
4 .37 4.30 4.41 4 .38 
- - 4.22 -
- 3 .842 3 .94 3 .91 
- 3 .79 3 .80 3 .77 
3 .76 - 3 .76 -
- 3 .69 3 .60 3 .57 
- - 3 .50 3 .46 
3 .32 3 .39 3 .33 3 .30 
- 3 .24 3 .25 3 .22 
- - 3 .05 3 .02 
- 2 .94 2 .94 2 .91 
2 .86 2 .86 2 .88 2 .85 
- 2 .72 2 .79 2 .76 
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There are several possible reasons for the difference 
between our resu l t s and those of Eisenbach and G a l l e i . 
1. The ion exchanges were not carried out i n exactly the 
same way. Possible differences include length of time 
i n solution and temperature, neither of which were 
specified by Eisenbach and G a l l e i . 
2. Errors i n analysis. 
3. Zeolites from d i f f e r e n t sources. 
4. Eisenbach and G a l l e i may have used repeated exchange. 
Of these, the most l i k e l y are 1 and 4. Despite the 
difference i n degree of ion exchange we f e l t i t worthwhile 
repeating the experiments carried out by Eisenbach and 
Ga l l e i i n order to determine the influence of the degree of 
ion exchange on the r e s u l t s . For our experiments we have 
chosen to use the sample which had the highest degree of 
exchange (sample 4 of Table 1). 
b. The Adsorption; 
1. The hydroxyl groups 
F i g . l shows our spectra of CaY z e o l i t e obtained 
at ambient temperature, 493, 623 and 303 K. A band which 
occurs at 3690cm - 1 at room temperature (RT) apparently 
changes i t s p osition on heating the sample (493K) to 3640cm-"'", 
and a broad band at 3560-3100cm-1 (RT) which gives on heating 
to 493K a band at 3560-3440cm~1. The broadness of the band 
at RT (Fig.la) probably arises because i t consists of two 
components, a band due to a hydroxyl group (ca„3540cm-1) 
and one due to H20 (ca.3400cm - 1). The l a t t e r is mostly 
removed on heating the sample so that i n the higher temperature 














Also there is a strong band (Fig.la) i n the deformation 
region (1650cm - 1) due to water molecules, which disappears 
on heating (Fig.lb) and reappears on cooling. After cooling 
to RT we observe a band at 1695cm"1 which we assign to the 
V 4 normal mode of a hydronium ion ( F i g . I d ) . A detailed 
discussion of the vibrations of the hydronium ion w i l l be 
given i n chapter 5. Eisenbach et a l did not report the change 
i n p o s i t i o n of the band around 3600cm-1 on heating. Also, 
on comparing the i n t e n s i t i e s ( i . e . comparing the heights 
of the bands not t h e i r integrated i n t e n s i t i e s ) of the two 
corresponding bands i n Eisenbachs paper (Fig.2) and in ours 
( F i g . l ) , we can see that the band at 3640cm-"'' is more 
intense than that at 3540cm"1 (RT) i n Eisenbach et al's 
paper, and becomes stronger on heating to 5 75K. In our 
spectra, however, the bands at 3560-3440cm-1 are more 
intense than that at 3640cm-1 at room temperature ( F i g . l b ) , 
but they a l l disappear on heating to 623K ( F i g . l c ) . In 
our sample, therefore, a l l the bands due to the hydroxyl 
groups disappear on heating to 623K. This did not happen 
i n the work of Eisenbach and G a l l e i . The difference i n 
behaviour must stem from the d i f f e r e n t degree of ion exchange. 
The band at 3640cm"1 (493K, Fig.lb) has previously 
been assigned to the hydroxyl stretching v i b r a t i o n i n the 
supercages (17,18) and the band at 3540cm-1 to the hydroxyl 
groups i n the cubooctahedra (15-19). 
Eisenbach and G a l l e i found two other bands at,3750 and 
3585cm-1, as shown i n Fig„2* and 2b, which they assign to 
hydroxyl groups located on the external z e o l i t e c r y s t a l 
surface, and the hydroxyl-stretching v i b r a t i o n of Ca(0H) + 
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groups, which are formed by a reaction between adsorbed water 
2 + 
molecules and Ca ions,respectively. Table 5 summarises 
our data together with that of Eisenbach et a l . Also shown 
i n Table 5, are the assignments of the observed bands 
(15,16). 
Table 5; Infrared data (cm - 1) of the OH groups observed 




et a l (1) RT 493K (15,16) 
3 740 - - external 
3640 3640 3640 supercages 






H20 s t r . 
a. at 623k a l l of the bands disappear 
Several papers (15-19) have reported these four 
hydroxyl groups on elevated temperature for CaY z e o l i t e 
and a f t e r dehydration at 743K the bands at 3 738, 3640, 
3585 and 3540cm-''" are s t i l l there. Some studies have also 
reported more than four bands due to OH groups. For NaY 
z e o l i t e , three bands at 3 735, 3635 and 3544cm-1 are 
observed (17). We have been unable to observe the bands 
assigned by Eisenbach and Ga l l e i to OH groups on the surface 
of the z e o l i t e and to C a(0H) +. This could be due to the 
concentration of these species being very low i n our sample. 
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Eisenbach et a l described the importance of each OH 
group i n forming coke. The influence of the external hydroxyl 
groups (3 740cm-1) on coke formation is very low, below 773K 
and the Ca(0H) + (3585cm - 1) groups do not p a r t i c i p a t e at a l l 
i n the coking reaction. They observed that the highest 
a c t i v i t y for coking is associated w i t h the hydroxyl groups 
i n the supercages (3640cm - 1). This band decreases in i n t e n s i t y 
w i t h increasing i n t e n s i t y of the band at 1585cm-1 which is 
due to coke. On the other hand, the band at 3540cm-1 
( cubooctahedra OH) i s much less changed i n i n t e n s i t y . 
In our experiment, i t was not pssible to see the 
hydroxyl groups at 3 740 and 3585cm"1 which Eisenbach et a l 
saw at room temperature and on heating the sample, so i t 
is impossible to predict the r e l a t i o n between the hydrocarbon 
molecules and these hydroxyl groups. These observations may 
be due to the difference i n the degree of ion exchange. 
2. Adsorption of the hydrocarbons on CaY z e o l i t e at 
room temperature 
On adsorbing hexene-1 and n-hexane separately on to 
d i f f e r e n t discs of CaY z e o l i t e and evacuating for 10 minutes 
at room temperature several new bands are observed (Figs. 
3 and 4)„ Tables 6 and 7 summarise the frequencies of the 
bands due to each adsorbed species and the frequencies of 
the bands i n the spectra of the pure z e o l i t e . Three of the 
bands due to adsorbed n-hexane occur at 2960, 2925 and 
2865cm - 1 and hexene-1 at 2956, 2925 and 2850cm"1 (Tables 
6 and 7) which may be assigned to antisymmetric CH^ -, CH.^-
stretching v i b r a t i o n and symmetric C-H vibrations respectively 
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Table 6: Infrared data for dehydrated CaY z e o l i t e , 
CaY - n-hexane and n-hexane l i q u i d (cm ) 








2960 2955 s V s(CH 3) (20) 
2925 s 2925 s V a g(CH 2) (20) 
2910 s - - instrument background 
2865 s 2870,2855 s V (CH) (20) s 
2825 m - instrument background 
1685 m 1710,1695 s - V 4(H 30) + 
1650 w - V 2(H 20) 
14?0-
1380 b 1470 Sh — z e o l i t e structure 
- 1*00 w 1465 m 6 (CH3) (20) 
— 1380 m 1380 m 6 (CH2) (20) 
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Table 7: I n f r a r e d data for dehydrated CaY z e o l i t e , 
CaY-hexene-1, and hexene-1 L i q u i d (cm - ) 
i n the range 4000-1000cm~ (this work ). 
CaY a f t e r 





hexene-1 ass ignment 
- - 3080 s V(H-C=C) (20) 
- 2956 w 2960 s v a s ( C H 3 ) (20) 
- 2925 s 2925 s V a s ( C H 2 ) (20) 
2910 s - - instrument background 
- 2850 m 2880,2860 s Vs(CH) (20) 
2825 m - - instrument background 
1685 m 1710 s - V H3 0 +) 
1650 w ; 1642 » 
V 2(H 20) 
v (C=C) (20) 
14^0-1380 t 1470 sh z e o l i t e s t r u c t u r e 
- 145C w 1467,1^58 s 6(CH 3) (20) 
- - 1440,1415 m 6(CH 2) (20) 
- 13 70 m 1380 m 6(CH 2) (20) 
1235 w V 2 ( H 3 0 K ) 
. _ . 
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1450 and 13 70cm - for hexene-1 are due to the CH^ and CH 2 
deformation modes (20)„ No absorption bands from o l e f i n i c 
s p e c i e s a t 3080 and 1642cm-''" of hexene-1 adsorbed on to 
CaY were detected a f t e r 10 minutes evacuation (Table 7 ) . 
T h i s i s i n agreement w i t h the data of Eisenbach and G a l l e i , 
who explained t h i s by proposing a l i n e a r adsorbed hydrocarbon 
s p e c i e s formed by i n t e r a c t i o n of the strong a c i d i c hydroxyl 
groups w i t h the TT e l e c t r o n s of hexene-1 according to the 
equation! 
/ 0-H + CH 2 = C H ( C H 2 ) 3 - C H 3 ^ / 0° + CH 2®- (CH 2) 4-CH 3 (1) 
In a d d i t i o n to the above r e s u l t s , we can see from Tables 
6 and 7 that there a r e two bands a t 1710 and 1240cm - 1 which 
were not found i n the work of Eisenbach and G a l l e i . A band 
a t 1710cm - 1 was observed w i t h both hexene-1 and n-hexane 
but the band a t 1240cm - 1 was observed only for hexene-1 
( F i g . 3 ) . The 1240cm - 1 band could not be seen w i t h n-hexane 
and t h i s may be because; 
1. There i s a very intense absorption due to the framework 
i n the region 1250-900cm - 1 which may conceal the band 
expected a t ca 1240cm" 1 for n-hexane, or 
2 „ I f the bands at ca 1710 and 1240cm - 1 are due to the 
same s p e c i e s then s i n c e the 1240cm - 1 band i s very much 
l e s s intense than t h a t a t 1710, i t w i l l be more 
d i f f i c u l t to observe i n the spectrum of adsorbed 
n-hexane than hexene-1, s i n c e the i n t e n s i t y of the 
1710cm - 1 band i s very much l e s s i n the former (Fig.4) 
than i n the l a t t e r case ( F i g . 3 ) . 
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These two bands can be assigned to the hydronium ion which 
i s p resent because there are some water molecules i n the 
z e o l i t e as was seen on c o o l i n g the sample ( F i g . I d ) . In the 
case of hexene-1 these water molecules could i n t e r a c t w i t h 
the proton r e l e a s e d i n the formation of the adsorbed s p e c i e s 
(equation 1 ) , to form the hydronium ion. The band i n the 
region of 3100-2800cm~\which i s due to the hydronium ion, 
could not be seen because of the presence of three bands 
due to the instrument background i n the same r e g i o n . The 
presence of the hydronium ion i n z e o l i t e s w i l l be d i s c u s s e d 
i n more d e t a i l l a t e r (chapter 5 ) . 
3. The e f f e c t of temperature on adsorbed hydrocarbons 
The adsorption of the hydrocarbons on CaY z e o l i t e a t 
room temperature followed by heating to higher temperature in 
the presence of the gas phase causes dramatic changes to be 
observed i n the i n f r a r e d s p e c t r a as a f u n c t i o n of temperature. 
Since excess hexene-1 i s present, the s p e c t r a shown i n 
Fig.5 a r e a mixture of gas phase and adsorbed s p e c i e s . Fig.5 
shows t h a t as the temperature i s incr e a s e d hexene-1 l o s e s 
i t s double bond c h a r a c t e r as evidenced by the absence of an 
H -1 1 absorption band near 3080cm due to V (H-C = C ) . The s p e c t r a 
show t h a t the gas phase hexene i s r e a c t i n g w i t h the z e o l i t e 
and being consumed. New bands a t 1580 and 1340cm" 1 appear 
a t high temperature. These two bands become more intense 
H 
as the band due to V(H-C = C) decreases i n i n t e n s i t y and 
as the temperature i s incr e a s e d ( F i g . 5 ) . The band at 1340cm" 1 
i s assigned to a v i b r a t i o n of t e r t i a r y C-H groups ( 2 0 ) . 
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4. Coke formation 
When e i t h e r hexene-1 or n-hexane i s added to CaY 
z e o l i t e a t room temperature and the sample heated, a new 
band appears a t 1580cm-'''. From F i g s . 5 and 6 we can see 
tha t the i n t e n s i t y of t h i s band i n c r e a s e s w i t h i n c r e a s i n g 
temperature. 
I n f r a r e d s t u d i e s by Unger and G a l l e i (21) of a c t i v a t e d 
carbon and soot samples show a band a t 1585cm-''" which was assigned 
to the c=C s t r e t c h i n g v i b r a t i o n of m i c r o c r y s t a l l i n e 
g r a p h a t i c carbon s t r u c t u r e s , which are present i n p o l y c y c l i c 
aromatic compounds. 
The coke formation a t higher temperatures can be seen 
only i f the gas phase i s present over the z e o l i t e s u r f a c e . 
A l s o coke formation w i l l be e f f e c t e d by the type of hydro-
carbon which i s i n co n t a c t w i t h the z e o l i t e s u r f a c e . When 
we compare the two hydrocarbons, hexene-1 and n-hexane i t 
can be seen t h a t hexene-1 can form coke f a s t e r than n-hexane 
( F i g . 6 ) , and confirms the observations of Eisenbach and 
G a l l e i . The band due to coke i s very much stronger i n the 
case of hexene-1 than for n-hexane ( F i g . 6 ) , i n d i c a t i n g 
t h a t coke i s formed much more e a s i l y from the unsaturated 
hydrocarbon. Ra d i o a c t i v e t r a c e r s t u d i e s conducted by 
Hightower and Emmett (22) have i n d i c a t e d t h a t the o l e f i n s 
have the hi g h e s t a b i l i t y to form coke. Also i t was found (2) 
tha t the s a t u r a t e d hydrocarbons are very much l e s s r e a c t i v e 
than t h e i r corresponding o l e f i n s . 
Eisenbach and G a l l e i have assumed that the hydroxy1 
groups r e a c t w i t h adsorbed hydrocarbon s p e c i e s producing 
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( F i g . 5) t h a t we have observed two new bands at 
3 740 and 3600cm" 1 which appeared when CaY z e o l i t e was heated 
w i t h hexene-1 a t 550K. Since these hydroxyl groups appear 
to be formed only on the breakdown of the hexene-1 the group 
g i v i n g a band a t 3 740cm - 1 i s u n l i k e l y to be the same as 
t h a t observed by Eisenbach and G a l l e i a t room temperature 
a t the same frequency, 
c . Conclusion 
S e v e r a l of our observations are i n agreement with those 
of Eisenbach and G a l l e i s 
1. The appearance of a "coke-band" for both hexene-1 
and n-hexane adsorbed on CaY z e o l i t e . 
2. The unsaturated hydrocarbon forms coke more r e a d i l y 
than the s a t u r a t e d one. 
3. There are s e v e r a l bands due to the s p e c i e s adsorbed 
a t room temperature. 
4. In the case of hexene-1 the adsorbed s p e c i e s does not 
have any o l e f i n i c c h a r a c t e r . 
5. We observe bands due to 0-H groups at 3640 and 3 540cm - 1. 
I n some ways, however, our r e s u l t s d i f f e r from t h e i r s : 
1. We observe bands due only to two types of hydroxyl 
groups w h i l e Eisenbach and G a l l e i observe four at RT. 
2. At high temperature we could not observe any bands 
due to hydroxyl groups and so could not c o r r e l a t e coking 
a c t i v i t y w i t h a p a r t i c u l a r hydroxyl s i t e as Eisenbach 
and G a l l e i were able to do. 
3. Two new hydroxyl bands appear a t high temperature i n 
the case of hexene-1. 
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CHAPTER 5 
INFRARED STUDIES OF WATER ADSORBED ON 
PARTIALLY MANGANESE OR COBALT EXCHANGED 
ZEOLITES 
1. I n t r o d u c t i o n 
Most s p e c t r o s c o p i c s t u d i e s of adsorption on z e o l i t e s 
so f a r reported d i s c u s s the s p e c t r a of water molecules and 
hydroxyl groups (1-22) . The i n f r a r e d s p e c t r a of water 
adsorbed on s e v e r a l s y n t h e t i c z e o l i t e s has been studied by 
a number of e x p e r i m e n t a l i s t s (19-23). Of p a r t i c u l a r r e l e v a n c e 
to t h i s work the i n f l u e n c e of dehydration and adsorption of 
water on 
1. the c o o r d i n a t i o n of the c a t i o n s , 
2. the s t a t e of the adsorbed water, 
3„ the s t r e t c h i n g v i b r a t i o n s of the water molecule* 
i n CoNaA and NaA z e o l i t e has been i n v e s t i g a t e d by means 
of e l e c t r o n i c and i n f r a r e d spectroscopy ( 1 6 ) . 
The presence of the hydronium ions which compensate 
for c a t i o n d e f i c i e n c i e s i n z e o l i t e s has been d i s c u s s e d (24) 
and the bands corresponding to the normal modes of the 
hydronium ion reported ( 2 5 ) . The e x i s t e n c e of the hydronium 
ion as a d i s c r e t e chemical e n t i t y has been known s i n c e the 
e a r l y 1920s. From nuclear magnetic resonance s t u d i e s 
Richards and Smith (25) were able to measure H-H s e p a r a t i o n s 
(~1.72^) i n the hydronium ion i n H^O^IO". They concluded 
t h a t the hydronium ion was a n e a r l y f l a t pyramidal s p e c i e s 
w i t h 0-H bond lengths of <^ 1.02$ and H-O-H angles of 115° 
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(26-30). Neutron d i f f r a c t i o n s t u d i e s i n d i c a t e d a pyramidal 
C, symmetry for the hydronium ions w i t h 0-H bond length 
of ^ 0.98$ and H-O-H angle of 1 1 1 ° . A s p e c t r o s c o p i c study 
+ + 
and normal coordinate a n a l y s i s of the H 30 and D^O sp e c i e s 
i n s o l i d H 3 0 +CH 3C 6H 4SO~ were made ( 3 0 ) . 
In Chapter 2, a general account of the s t r u c t u r e of 
A type z e o l i t e s was given. A more d e t a i l e d account of the 
Mn-4A and Co-4A z e o l i t e s s t r u c t u r e s w i l l be given i n t h i s 
c h a p t e r . 
a. S t r u c t u r e of p a r t i a l l y exchanged Mn--4A z e o l i t e . 
1. Dehydrated 
An X-ray study of dehydrated p a r t i a l l y Mn-
exchanged A z e o l i t e (31-33) re v e a l e d a t o t a l of 4.5 Mn(II) 
and 3 Na + ions per supercage and these were located near 
the c e n t r e s of 6 - r i n g s . The M n ( I I ) i o n s are r e c e s s e d 0.1088 
i n t o the s o d a l i t e u n i t from the plane of three oxygens 0(3) 
( F i g . l a 5 b ) . The Na + ions are 0.46A* from the corresponding 
plane but are r e c e s s e d i n t o the larg e c a v i t y . Both Mn(II) 
and Na + ions are t r i g o n a l l y coordinated to r e s p e c t i v e s e t s 
of three framework 0(3) 's a t 2.11 and 2 . 168 r e s p e c t i v e l y . 
2 . Hydrated 
In hydrated MnA, each of the 4.5 Mn(II) ions 
l i e s i n a 6-ring where the two Mn(II)-0H 2 d i s t a n c e are 2.03 
and 2.06$ for H 2 0(1) and H 2 0(2) ( F i g . 2 a , b ) . The three 
symmetry-equivalent Mn(II) to framework 0(3) d i s t a n c e s 
are 2 .2 88. These complete a s l i g h t l y d i s t o r t e d bipyramid 
w i t h Mn d i s p l a c e d O.28 i n t o the l a r g e r cage from the plane 
of the 0(3) i o n s . 
OEMTOflfllEO MNq.sKfl3-?£aiTE « OEMYORATEO ^ ,5Nfl3-ZEQUITE fl 
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b. S t r u c t u r e of p a r t i a l l y exchanged Co-7-i z e o l i t e 
1. Dehydrated 
Dehydrated p a r t i a l l y Co-exchanged A z e o l i t e 
(34,35) has a s t r u c t u r e s i m i l a r to the manganese form w i t h 
the C o ( I I ) ions occupying t h r e e f o l d a x i s s i t e s near the 
6-ring oxygen windows, but rec e s s e d by 0.16$ into the 
s o d a l i t e c a v i t y ( F i g . 3 ) . Each C o ( I I ) i s 2. 08$ from three 
e q u i v a l e n t 0(3) ions arranged t r i g o n a l l y i n the six-oxygen 
r i n g , and 4 Na + ions are a t 2.12$ from the 0(3) i o n s . 
2. Hydrated 
Amaro e t a l (35) have reported data for hydrated 
Co.-Na.-A z e o l i t e . One C o ( I I ) ion l i e s a t the centre of 4 4 
the s o d a l i t e cage where i t i s surrounded by 6 water 
molecules (00-01^=2.11$) each hydrogen-bonded to two framework 
oxygens. Three C o ( I I ) ions l i e on or near a t r i a d a x i s 
d i s p l a c e d 1.6$ in t o the l a r g e r cage from the plane of a 
6-ri n g ( F i g . 4 ) . The d i s t a n c e to the n e a r e s t framework 
oxygens i s 2. 7$. Each C o ( I I ) i s t e t r a h e d r a l l y coordinated 
to one 1^0(2) and three oxygens (36) . 
2. Experimental 
M a t e r i a l s 
P a r t i a l l y exchanged Mn-4A and CO-4A z e o l i t e s were 
prepared from NaA z e o l i t e (BDH Chemicals Ltd) by ion exchange 
w i t h OolN MnS04 and Co(N0 3) 2(BDH a n a l a r grade) s o l u t i o n s 
r e s p e c t i v e l y f o l l o w i n g the method des c r i b e d by Se f f ( 3 7 ) . 
Two a d d i t i o n a l d i f f e r e n t Mn concentrations were used to 











Thermogravometric a n a l y s i s of each Mn-4A and Co-4A 
z e o l i t e s were obtained . 
Procedure 
S e l f supporting d i s c s were evacuated i n the i n f r a r e d 
c e l l , then heated under vacuum to 533K and cooled to the 
desired temperature. Water was admitted to the c e l l , 
the sample cooled to room temperature and evacuated then 
heated to 533K. Spectra were obtained a t a l l s t a g e s . 
The exchange of D^O for H^O 
Exchange of DjO for H^O i n Mn-4A z e o l i t e (which had 
p r e v i o u s l y been d r i e d a t 323K for one day) was attempted 
using s e v e r a l d i f f e r e n t methods. 
1.2g of Mn-4A z e o l i t e was d i s p e r s e d i n 10 mis of D^O 
and s t i r r e d a t room temperature for one week. The sample 
was d r i e d under vacuum. A s i m i l a r procedure was used 
i n v o l v i n g 30 ml of D^O w i t h l g of Mn-4A z e o l i t e but i n t h i 
case the temperature of the sample was increa s e d to 363K 
i n a nitrogen atmosphere for 5 days. 
2. In the second method l g of Mn-4A z e o l i t e was 
heated under vacuum over a period of 17 hours, to 673K. 
The sample was then cooled slowly to 5 73K when DjO was 
admitted and the sample cooled to room temperature. 
3. I n the t h i r d method a C a r i u s tube was used with 20 
of D 20 and l g of Mn=4A z e o l i t e . The tube was evacuated and 
seale d then l e f t i n a furnace for two days a t 4 73K, the 
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4. A d i s c of ^10mg o f Mn-4A z e o l i t e was i n s e r t e d i n 
an i n f r a r e d c e l l t h e n h e a t e d under vacuum t o 553K. The 
sample was c o o l e d t o 473K and i n s e r t e d , t h e n i t was 
c o o l e d t o room t e m p e r a t u r e . S p e c t r a were o b t a i n e d a t al\ 
s t a g e s . 
3. R e s u l t s and d i s c u s s i o n ; 
The s p e c t r u m o f Mn-4A z e o l i t e ( M n ( I I ) / N a + r a t i o = 5.15) 
b e f o r e h e a t i n g ( F i g . 5 ) shows a band a t 1 3 5 5 c m - 1 . T h i s band 
d i s a p p e a r s on h e a t i n g ( F i g . 5 c ) . To d e t e r m i n e whether o r 
no t t h i s band was a s s o c i a t e d w i t h t h e w a t e r m o l e c u l e s , i t 
was d e c i d e d t o exchange D2O f o r 1^0 s i n c e i f t h e band was 
due t o w a t e r i t s h o u l d s h i f t t o lower f r e q u e n c y on 
a d s o r p t i o n of D2O. 
a . I o n and m o l e c u l a r exchange 
(1) exchange 
From F i g . 6 we c a n s e e t h a t i t i s d i f f i c u l t t o 
exchange t h e f^O m o l e c u l e s i n s i d e t h e z e o l i t e . None of the 
f i r s t t h r e e methods gave any s i g n o f t h e p r e s e n c e of D2O 
exchange e x c e p t f o r a s m a l l band w h i c h o c c u r r e d a f t e r 
u s i n g t h e C a r i u s tube method ( F i g . 6 b ) . The s p e c t r a do n o t 
show any s i g n o f t h e bands (2600 and 1 2 1 0 c m - 1 ) w h i c h a r e 
c h a r a c t e r i s t i c o f D 2 0 . I n t h e sp e c t r u m o f Mn-4A-H20 we can 
s e e t h a t t h e r e a r e two bands w h i c h c a n be e a s i l y a s s i g n e d 
t o v i b r a t i o n s o f t h e f^O m o l e c u l e s . The f i r s t a t 3 5 0 0 c m - 1 
w h i c h i s v e r y broad, and t h e second i s a t 1 6 5 0 c m - 1 . On 
e x c h a n g i n g D 2 0 f o r 1^0 i t i s e x p e c t e d t h a t t h e s e two bands 
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1210cm r e s p e c t i v e l y . I n F i g . 6 a , however, we c a n s e e o n l y 
t h o s e bands due t o E^O m o l e c u l e s and t h e r e i s no s i g n o f 
t h e bands one would e x p e c t i f had been exchanged f o r 
i n t h e c a g e s . I n F i g . 6 b , w h i l e t h e bands due t o H2<D 
dominate t h e s p e c t r u m t h e r e i s a weak band a t 2600cm-"'' w h i c h 
i s due t o DjO. T h e r e f o r e even under t h e s t r i n g e n t c o n d i t i o n s 
o f t h e C a r i u s tube e x p e r i m e n t , o n l y a s m a l l d e g r e e o f 
exchange has o c c u r r e d . T h e s e r e s u l t s a r e i n d i c a t i v e o f t h e 
d i f f i c u l t i e s o f e x c h a n g i n g E^O f o r D2O. 
When t h e e x p e r i m e n t s were f i r s t a t t e m p t e d , i t was 
e x p e c t e d t h a t t h e r e p l a c e m e n t o f 1^0 by D2O m o l e c u l e s would 
be r e l a t i v e l y e a s y b e c a u s e t h e w a t e r m o l e c u l e s a r e r e g a r d e d 
a s b e i n g m o b i l e w i t h i n t h e framework. S e v e r a l s t u d i e s (20,21) 
on D2O exchange i n z e o l i t e , by a d s o r p t i o n o f D2O on a 
d e h y d r a t e d z e o l i t e d i s c w h i c h g i v e s bands due t o the D2O 
m o l e c u l e s have been r e p o r t e d . Our e x p e r i m e n t s u s i n g t h i s 
t e c h n i q u e were a l s o s u c c e s s f u l ( s e e l a t e r d i s c u s s i o n ) . 
T h i s d i f f i c u l t y o f e x c h a n g i n g t h e K^O m o l e c u l e s i n s i d e 
t h e z e o l i t e i s r a t h e r s u r p r i s i n g , and i t may mean t h a t the 
D2O i s not a b l e t o e n t e r t h e same s i t e s as t h e t^O i n a 
h y d r a t e d framework. I t was found (22) t h a t s u r f a c e OH 
groups i n Na and NH^ X z e o l i t e do not exchange r a p i d l y 
w i t h t h e p h y s i c a l l y s o r b e d d e u t e r i u m o x i d e . So L y n c h e t a l 
(22) s a t u r a t e d t h e z e o l i t e w i t h t h e h e a v y w a t e r and both 
t h e OH and OD f r e q u e n c i e s were o b s e r v e d . No f u r t h e r 
e x p e r i m e n t a l d e t a i l s were g i v e n . 
S i n c e t y p e A z e o l i t e s have s m a l l e r p o r e s t h a n X z e o l i t e s , 
i t w i l l be e x p e c t e d t h a t i f z e o l i t e X does n o t exchange 
r a p i d l y w i t h d e u t e r i u m o x i d e ( 2 2 ) , we c a n e x p e c t t h a t 
A z e o l i t e be e v e n more d i f f i c u l t . 
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(2) I o n exchange 
We w i l l d i s c u s s h e r e t h e s p e c t r a l r e g i o n 
1 6 0 0 - 1 3 0 0 c m - 1 . T h i s r e g i o n c o n t a i n s a t low d e g r e e o f exchange 
( M n ( I I ) / N a + r a t i o = 1.06) one b r o a d band a t 1440-1350cm~ 1 
( F i g . 7 a ) a t room t e m p e r a t u r e . T h i s band does n o t change 
i t s p o s i t i o n on h e a t i n g . On comparing t h i s s p e c t r u m w i t h 
t h a t o f NaA z e o l i t e , we c a n s e e t h a t t h e r e i s a band a t 
1 4 2 5 c m - 1 ( T a b l e 2) i n t h e l a t e r c a s e . T a b l e 2 shows a l s o 
t h a t t h e r e i s a band a t 1355cm" 1 w h i c h i s p r e s e n t i n z e o l i t e s 
w h i c h have a h i g h d e g r e e o f Mn exchange ( M n ( I I ) / N a + r a t i o = 
5.15) and c o u l d be due t o t h e p r e s e n c e o f Mn i o n s . From t h e s e 
two o b s e r v a t i o n s t h e r e i s no a l t e r n a t i v e b u t t o a s s i g n t h e 
b r o a d band a t 1 4 4 0 - 1 3 5 0 c m - 1 o b s e r v e d i n t h e sample w i t h low 
d e g r e e o f exchange, t o two v i b r a t i o n s a s s o c i a t e d w i t h t h e 
p r e s e n c e o f two t y p e s o f c a t i o n s ( M n ( I I ) and N a + ) . 
T a b l e 2; I n f r a r e d d a t a ( c m - 1 ) o f Mn-4A z e o l i t e a t d i f f e r e n t 
d e g r e e o f exchange and o f NaA z e o l i t e (1600-1300cm~ ) 
Mn-4A z e o l i t e 
temper M n ^ I I ) / 
a t u r e l Na r a t i o = 
(K) 1 1.06 
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R i l e y and S e f f (32,33 and 38) have s u g g e s t e d t h a t d e h y d r a t i n g 
Mn-4A z e o l i t e ( M n ( I I ) / N a + r a t i o = 1.5) c a u s e s t h e Mn i o n s t o 
move from a p o s i t i o n s l i g h t l y i n s i d e t h e s o d a l i t e u n i t t o one 
s l i g h t l y i n s i d e t h e l a r g e c a g e . They t h e r e f o r e found two s i t e s , 
one s i t e p r e s e n t on t h e h y d r a t e d form and t h e o t h e r on the 
d e h y d r a t e d . I n our s p e c t r a , however, we c o u l d not see any 
change i n t h e p o s i t i o n o f t h e band a t 1440-1350cm -*" on h e a t i n g . 
At h i g h e r d e g r e e o f Mn-exchange ( M n ( I I ) / N a + r a t i o = 5.15) 
i t c a n be s e e n t h a t a s t r o n g band a p p e a r s a t 13 5 5cm-*" 
i m m e d i a t e l y a f t e r r e c o r d i n g the s p e c t r u m ( F i g . 5 a ) ; a l s o a 
weak band a t 1395cm""*' a p p e a r s a f t e r e v a c u a t i o n f o r one n i g h t . 
T h i s i m p l i e s t h a t t h e Mn i o n s occupy a s i t e a t room t e m p e r a t u r e 
w h i c h i s a s s o c i a t e d w i t h t h e p r e s e n c e of t h e s t r o n g band a t 
1355cm -*". At t h e same t i m e i f we look t o t h e s p e c t r a we can 
s e e t h a t w i t h NaA z e o l i t e t h e r e i s a band a t 1425cm-"1" w h i c h 
i s due t o t h e p r e s e n c e o f Na i o n s . MnA z e o l i t e w i t h low d egree 
of exchange shows a b r o a d band a t 1440-135Ccm -*" w h i c h i s 
a s s i g n e d t o two v i b r a t i o n s , e a c h one a s s o c i a t e d w i t h the 
p r e s e n c e o f t h e N a + i o n s , and Mn i o n s . The MnA z e o l i t e s p e c t r u m 
o f t h e h i g h d e g r e e o f exchange sample h a s a s t r o n g band a t 
1355cm -*" a s s i g n e d t o v i b r a t i o n a s s o c i a t e d w i t h t h e p r e s e n c e o f 
Mn i o n s and a weak band a t 1395cm -*" a s s o c i a t e d w i t h the 
p r e s e n c e o f Na i o n s . The o b s e r v e d change i n r e l a t i v e i n t e n s i t y 
o f t h e bands a s s o c i a t e d w i t h t h e Na and M n ( I I ) i o n s i s i n 
agreement w i t h the a l t e r a t i o n i n the d e g r e e c f exchange. 
T h i s c a n be e x p l a i n e d by the movement of M n ( I I ) i o n s from 
one s i t e t o a d i f f e r e n t one. The Mn i o n s , when t h e y move 
c o i n c i d e n t i a l l y , have t h e same f r e q u e n c y a s t h a t a s s o c i a t e d 
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w i t h t h e Na i o n s (1395cm~ ) . T h i s band w i l l t h e r e f o r e 
c o i n c i d e w i t h t h e s m a l l band w h i c h i s due to t h e p r e s e n c e 
o f N a + i o n s . From t h e s e f a c t s one c a n a s s i g n t h e two bands 
a t 1355 and 1 3 9 5 c m - 1 t o t h e Mn i o n s i n d i f f e r e n t s i t e s 
w h i c h a r e p r e s e n t a t d i f f e r e n t t e m p e r a t u r e s . 
A band a t 1535cm-''' has been o b s e r v e d a t room 
t e m p e r a t u r e w i t h h i g h Mn exchange and does n o t appear w i t h 
low d e g r e e o f exchange ( F i g . 5 ) . T h i s band does not change 
on h e a t i n g w h i c h i m p l i e s t h a t a t o t a l l y d i f f e r e n t s i t e h a s 
been o c c u p i e d w i t h Mn i o n s when a h i g h d e g r e e o f Mn h a s 
been exchanged. 
From t h e above one c a n c o n c l u d e t h a t a t h i g h degree 
o f exchange t h e Mn i o n s w i l l occupy two s i t e s a t room 
t e m p e r a t u r e and two s i t e s a t h i g h t e m p e r a t u r e . 
b . The hydroxy1 groups 
Bands a t 3 740 and 3640cm-'*" were o b s e r v e d i n the 
s p e c t r a o f Co-4A and Mn-4A(Mn(II)/Na + r a t i o = 5.15) z e o l i t e s 
( F i g s . 5 and 8) r e s p e c t i v e l y . The weak band a t 3 7 4 0 c m - 1 
o b s e r v e d a t 348K i n Co-4A z e o l i t e i s s t i l l p r e s e n t a t 548K 
w h i l e t h e band o b s e r v e d a t 3 6 4 0 c m - 1 i n Mn-4A z e o l i t e 
d i s a p p e a r s a t 423K. - These two bands have been 
o b s e r v e d i n s e v e r a l s t u d i e s ( 3 9 - 4 1 ) , w i t h a v a r i e t y of 
c a t i o n s i n A, X and Y z e o l i t e s . The band a t 3 7 4 0 c m - 1 h a s 
been a s s i g n e d t o the Si-OH groups w h i c h t e r m i n a t e the 
e x t e r n a l s u r f a c e and t h i s c o r r e s p o n d s w i t h t h e o b s e r v a t i o n s 
f o r CaY z e o l i t e ( 4 0 ) . The band a t 3 6 4 0 c m - 1 has been a s s i g n e d 
t o i n t e r a c t i o n o f t h e h y d r o x y l groups w i t h t h e c a t i o n s , s i n c e 
t h i s band h a s been o b s e r v e d t o s h i f t w i t h d i f f e r e n t c a t i o n s ( 3 9 ) . 
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The b r o a d band a t 3700-3300cm - ( F i g . 8 ) c a n be a s s i g n e d 
t o w a t e r m o l e c u l e s w h i c h might form a hydrogen bond w i t h 
a l a t t i c e oxygen and t h i s may be t h e r e a s o n f o r t he non-
d i s a p p e a r a n c e o f t h i s band even when h e a t e d t o 558K. From 
t h e TGA ( F i g . 9 ) o f Mn-4A z e o l i t e ( M n ( I I ) / N a + r a t i o = 5.15) 
and Co-4A z e o l i t e , t h e r e i s a b i g s t e p a t around 413K w h i c h 
i s due t o t h e l o s s o f w a t e r m o l e c u l e s . W i t h i n c r e a s i n g 
t e m p e r a t u r e t h e r e i s a c o n t i n u o u s l o s s o f t h e w a t e r m o l e c u l e s 
u n t i l 6 73K. The w a t e r b e i n g l o s t i s t h a t w h i c h g i v e s r i s e 
t o t h e band a t 3 6 0 0 - 3 3 0 0 c m - 1 . 
S t r o n g a b s o r p t i o n bands a t 1655 and 1645cm-"'" were 
o b s e r v e d i n t h e s p e c t r a o f Mn-4A and Co-4A z e o l i t e s r e s p e c t i v e l y 
( F i g s . 5 a and 8) and t h e s e a r e c o m p l e t e l y removed a f t e r e v a c u a t i o n 
o f t h e s e z e o l i t e s a t a p p r o x i m a t e l y 473K. These bands a r e due 
t o d e f o r m a t i o n v i b r a t i o n s o f t h e w a t e r m o l e c u l e s ( 3 9 , 4 0 ) ; 
and a r i s e from t h o s e m o l e c u l e s w h i c h do n o t form a hydrogen 
bond and w h i c h a r e t h e r e f o r e p r o b a b l y i n t e r a c t i n g w i t h t h e 
c a t i o n v i a t h e oxygen atom. 
c . The p r e s e n c e o f t h e hydronium i o n 
On a d d i n g w a t e r t o t h e Mn-4A z e o l i t e ( M n ( l l ) / 
Na + r a t i o = 5.15) a t a p p r o x i m a t e l y 403K and t h e n c o o l i n g , 
a b r o a d band a t 3700-3 0 0 0 c m - 1 was o b s e r v e d ( F i g . 1 0 ) . T h i s 
i s due t o the p r e s e n c e o f e x c e s s w a t e r m o l e c u l e s . As e x p e c t e d 
from t h i s , the band a t 1655cm -*" c a n a l s o be o b s e r v e d . These 
o b s e r v a t i o n s c o r r e s p o n d w i t h t h o s e a l r e a d y r e p o r t e d f o r 
ads o r b e d w a t e r ( 4 0 ) . T h e r e i s however a new band a t l e S S c m - 1 
( F i g . 1 0 ) w h i c h o n l y a p p e a r s when w a t e r vapour i s a d m i t t e d t o 

















b e f o r e and a f t e r a d d i n g w a t e r vapour. 
T a b l e 3: I n f r a r e d d a t a (cm" ) f o r Mn-4A 
(M n ( I I ) / N a + r a t i o = 5.15) z e o l i t e 
and o f a d s o r b e d w a t e r i n t h e ra n g e 
4000-1000cm 
b e f o r e a d d i n g w a t e r 
a f t e r a d d i n g w a t e r 
a t 403K a s s i g n m e n t 
293K 533K 403K 293K 
3 700-3000b-m 3600-3400b-w 3600-3300b-m 3600-2900b-n V r V 3 (OH) 
- - 1685 s 1695 s 
1655 s - 1655 sh 1645 s V 2 ( H 2 0 ) 
1535 s 1540 s 1555 m 1520 sh z e o l i t e s t r u c t u r * 
- 1395 s 1420 sh 1420 sh z e o l i t e s t r u c t u r e 
1355 s - 1365 s 13 70 s z e o l i t e s t r u c t u r e 
- - 1245 m 1230 m V2 ( H 3 0 + ) 
As t h e z e o l i t e was h e a t e d , t h e w a t e r band a t 1655cm~ 
d i s a p p e a r e d w h i l e t h e band a t 1685cm" 1 remained ( F i g . 1 1 ) . 
A band a t 12 30cm" 1 a l s o a ppeared upon a d d i n g w a t e r vapour 
t o t h e h o t z e o l i t e and became more i n t e n s e a t room t e m p e r a t u r e 
( F i g . 1 0 ) . On h e a t i n g t h e sample t o 573K t h e band a t 1230cm" 1 
s l o w l y d i s a p p e a r e d a l s o ( F i g . 1 1 ) . At t h e same time t h e s h a r p 
band a t 1685cm" 1 d e c r e a s e s s l i g h t l y i n i t s i n t e n s i t y . When 
we compare t h e s e s p e c t r a ( F i g s . 1 1 a , b ) w i t h t h e s p e c t r u m o f 
l i q u i d w a t e r ( F i g . 1 1 c ) [ s e e a l s o r e f . ( 2 6 , 4 2 - 4 5 ) ] , we c a n 
deduce t h a t t h e bands i n t h e r e g i o n 1300-1200cm - 1 c a n n o t 
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s p e c t r u m o f t h e z e o l i t e a t l6 85 and 1230cm~ must t h e r e f o r e 
be due t o o t h e r s p e c i e s . The s p e c i e s most l i k e l y t o be 
p r e s e n t i s t h e hydronium i o n . From t h e i n f r a r e d s p e ctrum o f 
t h e hydronium i o n i n c r y s t a l s (26,46) we f i n d t h a t the 
+ + 
v i b r a t i o n a l f r e q u e n c i e s of t h e H^O and D^O i o n s a r e as 
shown i n T a b l e 4. 
T a b l e 4: The i n f r a r e d d a t a (cm -*) f o r H 3 0 + and D^0 + i o n s 
i n c r y s t a l s (26, 46) 
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The normal modes o f v i b r a t i o n s f o r E^0+ a r e shown i n F i g . 1 2 . 
The hydronium i o n i n NaX and NH^X z e o l i t e s have been 
shown t o be u n s t a b l e and t o decomposes when t h e z e o l i t e s 
a r e h e a t e d i n vacuo ( 4 7 ) . S z y m a n s k i e t a l (21) have a l s o 
r e p o r t e d bands due t o hydronium i o n on NaX z e o l i t e a t 
1700-1750cm \ a t h i g h w a t e r c o n c e n t r a t i o n . 
From t h e above we c a n a s s i g n t h e bands a t 1685 and 
1 2 3 0 c m - 1 t o t h e hydronium i o n . We must a l s o c o n s i d e r t h e 
f a c t t h a t w h i l e t h e band a t 1 2 3 0 c m - 1 d i s a p p e a r s a t 5 73K the 
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One p o s s i b l e e x p l a n a t i o n f o r t h i s i s t h a t when t h e 
hydronium i o n decomposes, t h e w a t e r m o l e c u l e s w h i c h a r e 
formed, form s t r o n g hydrogen bonds w i t h t h e z e o l i t e 
framework v i a t h e i n t e r a c t i o n o f t h e framework oxygen 
atoms w i t h t h e hydrogen atom o f t he w a t e r m o l e c u l e s 
(39, 48, 49) . T h i s i s i n d i c a t e d by t h e f a c t t h a t t h e 
band a t 1 6 8 5 c m - 1 i s not removed even a f t e r e v a c u a t i o n 
a t 573K. T h i s band we a s s i g n t o t h e HOH bend o f t h e 
hydrogen bonded w a t e r m o l e c u l e s . I f t h i s a s s i g n m e n t i s 
c o r r e c t t h e n as we o b s e r v e t h e band a t 1 6 8 5 c m - 1 we a l s o 
e x p e c t t o o b s e r v e a band i n t he 0-H s t r e t c h i n g r e g i o n 
due t o t h e p r e s e n c e o f t h e hydrogen bond. B e c a u s e the 
H2O i s s t r o n g l y hydrogen bonded t h e 0-H s t r e t c h s h o u l d 
be r e d u c e d c o n s i d e r a b l y i n f r e q u e n c y r e l a t i v e t o t h e 
v a l u e i n l i q u i d w a t e r . T h e r e i s no s u i t a b l e band i n the 
s p e c t r u m and i t i s p o s s i b l e t h a t i t i s too weak t o 
o b s e r v e . 
I t s h o u l d be noted t h a t t h e s t r e t c h i n g mode (\^  , ) 
o f t h e hydronium i o n ( o b s e r v e d i n H ^ O ^ l - c r y s t a l a t 2 5 4 0 -
3235 cm 1 ) was a l s o n o t o b s e r v e d i n our s p e c t r u m ( F i g . 1 0 ) . 
The s t r e t c h i n g mode o f t h e hydronium i o n known t o be 
weak and br o a d r e l a t i v e t o Vj/V^ and may e x p l a i n why i t 
was n o t o b s e r v e d i n our s p e c t r a s i n c e V2 was n o t i t s e l f 















Fig. 12 Normal modes of vibration for H.,(*(30) 
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1230cm - does not disappear on heating but that 
the broad z e o l i t e absorption (1250-900cm - 1) i n c r e a s e s 
i n width and the two are not r e s o l v e d . 
When the same procedure was c a r r i e d out w i t h 
samples of d i f f e r e n t degrees of exchange of Mn(II) 
for Na +(Table 1 ) , the i n t e n s i t y of the band at 1685cm - 1, 
which we have assigned to the hydronium i o n , v a r i e s 
w i t h the degree of ion exchange. From F i g s . 7, 10 
and 11, i t can be seen t h a t the i n t e n s i t y of t h i s 
band i s strong w i t h the z e o l i t e of high Mn content 
( M n ( I I ) / N a + r a t i o = 5.15) and i s l e s s intense with 
the Mn(II)/Na + r a t i o = 1.06 ( F i g . 7 ) . This suggests 
t h a t the hydronium ions are bonded to the Mn ions 
r a t h e r than Na + i o n s . 
In the case of the Co-4A z e o l i t e , when water vapour 
i s added a broad band occurs a t 3700-3000cm-"1" ( F i g . 1 3 ) , 
which i s due to the presence of water, and a band at 
1645cm - 1 due to Vj ( H 2°)- There are no bands a t 1685 or 
1230cm - 1, however, which can be assigned to the hydronium 
io n . The hydronium ion i s t h e r e f o r e not formed i n t h i s 
c a s e . A study (16) on the i n t e r a c t i o n of CoNaA z e o l i t e with 
water has been reported i n which i t was noticed that on 
h y d r a t i o n and dehydration there was no water d i s s o c i a t i o n . 
From t h e i r spectrum we can see t h a t hydronium ions were 
not formed i n t h a t case e i t h e r . From t h i s we can conclude 
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t h a t the hydronium ion i s formed i n the Mn-4A z e o l i t e but 
not i n CO-4A z e o l i t e . 
When doing the D2O exchange experiments only the 
experiment of admitting vapour to Mn-4A z e o l i t e 
( M n ( I I ) / N a + r a t i o = 5.15) was s u c c e s s f u l . The spectrum 
(Fig.14) shows a broad band a t 2700-2100cm - 1 and t h i s band 
i s due to y and V3 of m ° l e c u l e s - I n t h i s case i t i s 
d i f f i c u l t to see the bend of the D2O molecules s i n c e i t 
occurs a t ^  1178cm - 1 i n l i q u i d D2O and hence i s amongst 
the s trong framework absorption below 1250cm - 1. For the 
same reasons, we cannot t e l l whether D^0 + i s present s i n c e 
we can see from Table 4 t h a t the two bands corresponding 
to those we observed for H^0 + would occur beneath the 
strong framework bands ( F i g . 1 4 ) . The i n f r a r e d data for 
Mn-4A z e o l i t e and D2O adsorbed a t 527K i s shown i n Table 5. 
Table 5: I n f r a r e d data (cm - 1) of Mn-4A wi t h water 
adsorbed a t 52 7K (3000-1000-cm~ 1) the spectra recorded at 
different temperatures. 
52 7K 289K 513K assignment 
2 700-2500 b-w 2 700-2300 b-s 2600-2400 b-m 
V 
V V, (D-0) 
I 1 V.(HDO) 
1 
1655 w 1645 m - ^ <fe2o) 
1540 s 1540 m 1540 s z e o l i t e 
s t r u c t u r e 
-• 1440 m - V (HDO) 
1395 s 1380 m 1395 s z e o l i t e 
s t r u c t u r e 
o o 
o o vO 
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From Table 5 i t can be seen that a band a t 1645cm - 1 
appears when DjO i s added which i s due to the presence of 
r e s i d u a l 1^0 „ Also i n the presence of r e s i d u a l 1^0 a new 
band occurs when adding D^O vapour to a hot z e o l i t e , a t 
1440cm - 1 ( F i g . 1 4 ) , which can be assigned to HDO (49) as 
shown i n Table 6. 
Table 6: I n f r a r e d data (cm - 1) of the D 20 and HDO 
vapour and t h e i r assignment (49) 
HDO D 2 ° assignment 
1402 1178 V>2 
2719 Vl 
2 789 V3 
2809 \>2 
4. Conclusion: 
A. The Mn ions occupy two d i f f e r e n t s i t e s i n the 
presence of high degree of Mn ion exchange. On heating 
the Mn ions w i l l leave one of these s i t e s and t r a n s f e r to 
a d i f f e r e n t one, which w i l l give a t o t a l of three s i t e s which 
might be occupied by the Mn a t d i f f e r e n t temperatures. 
B. Hydronium ions are only formed on adding water to 
a hot z e o l i t e . 
C. The presence of the hydronium ion depends on 
(1) The degree of ion exchange, s i n c e w i t h high 
degree of Mn ions a strong band w i l l occur due to the 
94 
hydronium ion and a t low degree of Mn ions give weak band .due to HQ°" 
(2) The c a t i o n s present, s i n c e C o ( I I ) does not 
give any bands due to the hydronium i o n s . 
D. I t has not proved p o s s i b l e to exchange for H 20 
i n A z e o l i t e a t room temperature. 
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Chapter 6 
An i n f r a r e d study of cyclopropane adsorbed on 
C o ( I I ) and Mn(II) p a r t i a l l y exchanged A z e o l i t e s 
1. I n t r o d u c t i o n 
The i s o m e r i z a t i o n of cyclopropane to propylene i s a 
wi d e l y used t e s t r e a c t i o n for the i n v e s t i g a t i o n of the 
performance of c a t a l y t i c r e a c t o r s (1) and the a c t i v i t y of 
aci d - t y p e s o l i d c a t a l y s t s ( 2 ) . Bassettand Habgood (1) and 
Habgood and George (3) have s t u d i e d the i s o m e r i z a t i o n on 
va r i o u s c a t i o n exchanged forms of z e o l i t e Y a t a temperature 
of 200°C* B a r t l e y e t a l (4) and George and Habgood (5) i n 
t h e i r s t u d i e s using deuterated z e o l i t e Y have concluded 
t h a t both exchange and i s o m e r i z a t i o n of cyclopropane proceed 
v i a a n o n - c l a s s i c a l protonated c y c l i c carbonium ion 
intermediate ( 6 - 1 0 ) . 
I n f r a r e d spectroscopy was used to study the chemisorption 
and r e a c t i o n s of cyclopropane over z e o l i t e HY a t room 
temperature by Tarn e t a l ( 1 1 ) . Isobutane was the major 
product. A mechanism for t h i s transformation i n v o l v i n g the 
formation of a n o n - c l a s s i c a l protonated cyclopropane ion 
intermediate was proposed. Other s t u d i e s have been made to 
i n v e s t i g a t e the s k e l e t a l i s o m e r i z a t i o n of cyclopropane over 
NaY, NaCaY and NaHY z e o l i t e s (11-14). 
S t r u c t u r e of cyclopropane adsorbed on Mn(II) and C o ( I I ) 
Exchanged A z e o l i t e 
S e f f e t a l (15) determined the c r y s t a l s t r u c t u r e s of 
the cyclopropane s o r p t i o n complexes of p a r t i a l l y C o ( l l ) -
exchanged and p a r t i a l l y Mn(II)-exchanged z e o l i t e A ( F i g s . 
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1 and 2), the u n i t c e l l constants are 
12.147 8 for C o 4 N a 4 S i 1 2 A l 1 2 0 4 g . 4 C 3 H 6 a n d 12.1468 for 
M n 4 N a 4 S i 1 2 A l 1 2 0 4 8 . 4 C 3 H 6 . 
In each s t r u c t u r e t r a n s i t i o n metal c a t i o n s are located on 
t h r e e - f o l d axes i n s i d e the larg e c a v i t y , c l o s e to three 
t r i g o n a l l y arranged framework oxide ions on a l t e r n a t e 
6-oxygen r i n g s . The metal to oxygen d i s t a n c e s are 
C o ( I I ) - 0 = 2.1748 and Mn(II)-0 = 2.1228. There are four 
cyclopropane molecules per u n i t c e l l , each of them i s found 
to complex to a t r a n s i t i o n metal ion w i t h Co(II)-C=2.8l8 
and Mn(II)-C=3.098. No i n t e r a c t i o n between Na + ions and 
cyclopropane molecules was observed. The adsorption complexes 
r e p r e s e n t novel chemical s p e c i e s s i n c e s t a b l e organometallic 
complexes of C^H^ have not been reported i n the s c i e n t i f i c 
l i t e r a t u r e . 
2. Experimental 
M a t e r i a l s 
Mn-Na-4A and Co-Na-4A z e o l i t e s were prepared from 
NaA z e o l i t e (BDH Chemicals Ltd) by ion exchange with 
0.1N MnSO4-4H20 and Co(N0 3) 2 (BDH a n a l a r grade) s o l u t i o n s 
r e s p e c t i v e l y ( M n ( I I ) / N a + r a t i o = 5.15 and C o ( l l ) / N a + r a t i o = 53.18 ) 
fol l o w i n g the method des c r i b e d by S e f f ( 1 5 ) . These samples 
were a l s o used for p a r t of work i n the previous chapter 
(chapter 5 ) . Cyclopropane gas of 99.8% was used without 
f u r t h e r p u r i f i c a t i o n . 
Procedure 
The s e l f - s u p p o r t i n g d i s c was evacuated i n the i n f r a r e d 
c e l l , then heated under vacuum and cooled to room temperature. 
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Cyclopropane gas was admitted to the c e l l which then was 
evacuated for 10 minutes before o b t a i n i n g the s p e c t r a . A 
spectrum of cyclopropane gas was a l s o obtained. 
3. R e s u l t s and d i s c u s s i o n 
a. The hydroxyl groups 
These were d i s c u s s e d i n chapter 5. 
b. The adsorption of cyclopropane 
F i g s . 3 and 4 show the s p e c t r a of Mn.4A and 
CO-4A z e o l i t e ( a f t e r baking and c o o l i n g to room temperature) 
before and a f t e r adsorbing cyclopropane. An i s o l a t e d 
cyclopropane molecule has symmetry. The a c t i v i t i e s of 
the normal modes are summarized i n Table 1 together with 
t h e i r symmetry c l a s s e s (16,17). The s p e c t r a of cyclopropane 
gas i s shown i n F i g s . 3c and 4c. 
Table 1; The symmetry c l a s s e s and s e l e c t i o n r u l e s for the i n t e r n a l 
v i b r a t i o n s of the i s o l a t e d cyclopropane molecule(16,17). 
Symmetry c l a s s No.of fundamental 
v i b r a t i o n s i n c l a s s e s 
Raman I n f r a r e d 
A 
l 
3 a c t i v e i n a c t i v e 
*2 1 i n a c t i v e i n a c t i v e 
E ' 4 a c t i v e a c t i v e 
'/ 
A l 1 i n a c t i v e i n a c t i v e 
A 2 2 i n a c t i v e a c t i v e 
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Table 2 c o n t a i n s some of the i n f r a r e d and Raman frequencies 
of cyclopropane g a s , l i q u i d and from the c r y s t a l s together 
w i t h t h e i r assignments as given by Linnett ( 1 6 ) . 
Table 2: I n f r a r e d and Raman data (cm"'*") of cyclopropane gas ;3iquid 
and crystals in the.range of 3000-1000 cm"1 (16,17). 
I n f r a r e d Raman Assignment 
- 2952 w 
- 2854 w 2V 9 (A^+E) 
2631 w - v3+ V 9 ( E ' ) 
2493 w 




1888 s 1873 vw 
v2+ V i i ( E J ) 
V 9+ V i 4 ^ A 2 ) 
V i o + V n < A i + E 




V V 1 4 ( E ' } 
V2 CH 2 (a{) 
2 V 1 4 ( A ^ + E ' ) 
1432 s 1435 m 
1189 v.s 
V9 CH 2 (e?) 
V3 C 3 ( a j ) 
- 1120 V13 ^ E ' ^ R O C K I N S 
102 7.6 s 1022 w V10 (e') bending 
10 6 
A f t e r adsorbing cyclopropane gas on each of the 
dehydrated CO-4A and Mn-4A z e o l i t e s at room temperature and 
evacuating for 10 minutes ( F i g . 5 ) , new bands were observed 
i n the 1500-1300cm~'1' region (Table 3) „ Two bands were 
observed, a t 1456 and 1430cm - 1, for Co-4A z e o l i t e and one 
band a t 1435cm" 1 for Mn-4A z e o l i t e . 
Table 3; I n f r a r e d data and assignments of Mn-4A and Co-4A 
z e o l i t e s and the adsorbed s p e c i e s ( H g ) i n the 
range 1300-1700cm" 1 
Mn-4A Mn-4A • C 3 H 6 CO-4A CO-4A • C 3 H 6 Assignment 
1660 s 1650 s 1650 s 1645 s V 2(H 20) 
- - 1610 w 1610 w z e o l i t e s t r u c t u r e 
1535 s 1535 s - - z e o l i t e s t r u c t u r e 
1465 w 1465 w z e o l i t e s t r u c t u r e 
- - - 1456 m 2V 1 4(A' 1+E) 
- 1435 m - 1430 w V 9 (E) 
1395 s 1395 s 1390 w 1390 w z e o l i t e s t r u c t u r e 
The band a t 1456cm~ can be assigned to 2 V^(A^+E") which 
i s not observed i n the i n f r a r e d s p e c t r a w i t h i s o l a t e d 
cyclopropane molecules as can be seen from. Table 2 . 
T h i s t r a n s i t i o n i s observed because when cyclopropane i s 
adsorbed on the z e o l i t e the symmetry of the molecule i s 
lowered from to C 3 v (Table 4) . Thus A 1 ( D 3 n ) c o r r e l a t e s 
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1600 1800 2000 1000 
a.Mn=4A=G0H, at 293 K Fig. 5 
t>.Co=4A-C_H, at 293K 
c.G0H/; gas 
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Table 4; The symmetry c l a s s e s and s e l e c t i o n r u l e s for 
adsorbed C-.HC molecules (C_,,) 3 6 3V 
Symmetry c l a s s No.of fundamental 
v i b r a t i o n s i n 
c l a s s e s 
Raman I n f r a r e d 
A l 5 a c t i v e a c t i v e 
A 2 3 i n a c t i v e i n a c t i v e 
E 8 a c t i v e a c t i v e 




The 1456cm" band has not been observed with Mn-4A z e o l i t e 
and t h i s i s because of the complexity of the s p e c t r a of 
Mn-4A z e o l i t e compared w i t h Co-4A z e o l i t e i n the 1600-1300cm - 1 
r e g i o n . The band a t 1430cm - 1 which was observed in the s p e c t r a 
of Co-4A z e o l i t e and 1435cm - 1 i n the s p e c t r a of Mn-4A 
z e o l i t e may be assigned to yg(E)„ of the adsorbed C^H^ . 
The i n t e r a c t i o n between cyclopropane and the z e o l i t e s 
can be d e s c r i b e d as M i l l e r (18) d i s c u s s e d i t using 
Hallmann-Feynman arguments and r i n g bending s t r a i n energies 
and they c a l c u l a t e d a 'negative pole ' i n cyclopropane to be 
2.88 e . T h i s negative pole or ~fjcloud would be p o l a r i z e d 
by the f i e l d of the C o ( I I ) or Mn(II) ions to form the bond 
between the cyclopropane and the t r a n s i t i o n metal ions. I t 
has been found t h a t cyclopropane i s adsorbed by p a r t i a l l y 
N i ( I I ) - e x c h a n g e d z e o l i t e A complexes ( 1 9 ) . N i ( I I ) was found 
to be bonded to the centre of the r i n g , which involve yj 
i n t e r a c t i o n . 
4. Conclusion 
From chapters 5 and 6 we can see t h a t there are 
co n s i d e r a b l e d i f f e r e n c e s i n behaviour between p a r t i a l l y 
exchanged Co-4A and Mn-4A z e o l i t e s . These d i f f e r e n c e s i n c l u d e : 
1. Mn-4A z e o l i t e can form a hydronium ion when water 
vapour i s adsorbed on the hot z e o l i t e , w h i l e Co-4A z e o l i t e 
does not. 
2. Various s p e c t r o s c o p i c s t u d i e s (20) on adsorbed 
ethylene and cyclopropane on each of Mn-4A and Co-4A 
z e o l i t e s u s i n g neutron s c a t t e r i n g have a l s o shown the 
d i f f e r e n c e i n behaviour between the z e o l i t e s . 
n o 
These show t h a t the Mn complexes a r e stronger than the 
Co complexes. Since Mn and Co are c l o s e together i n the 
p e r i o d i c a l t a b l e , one would expect t h e i r i n t e r a c t i o n s with 
li g a n d s to be f a i r l y s i m i l a r but i n f a c t i t i s now known 
tha t t h i s i s not the c a s e . 
These d i f f e r e n c e s between the Mn and Co z e o l i t e s once 
again i l l u s t r a t e the way i n which z e o l i t e p r o p e r t i e s can be 
inf l u e n c e d by s u b t l e changes i n the z e o l i t e composition. 
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Chapter 7 
Conclusions and suggestions for future work 
In chapter 4, a study of the r e l a t i o n between coke 
formation and hydroxyl groups which a c t as a c t i v e s i t e s 
was repor t e d . T h i s work was an attempt to repeat some 
work published e a r l i e r but which was u n s u c c e s s f u l because 
i n our samples the band due to the r e l e v a n t hydroxyl groups 
were not present a t high temperature. Coke formation was, 
however, observed. Various s t u d i e s on coke formation using 
d i f f e r e n t z e o l i t e s could be done to c l a r i f y whether or 
not there i s an e f f e c t of any p a r t i c u l a r hydroxyl groups 
on coke formation. 
The exchange of D 2 O for 1 ^ 0 by s t i r r i n g the l i q u i d 
w i t h z e o l i t e A has been shown to be very d i f f i c u l t . A 
comparison study could be achieved by exchanging for 
on a d i f f e r e n t type of z e o l i t e to f i n d a s u i t a b l e way 
of exchanging i n s i d e z e o l i t e A. 
Mn-4A z e o l i t e g i v e s d i f f e r e n t i n f r a r e d bands when ion 
exchanged to d i f f e r e n t degrees and t h i s makes i t a complicated 
and i n t e r e s t i n g m a t e r i a l . The same thing could be done with 
higher degrees of Mn-exchange as w e l l as on Co-4A z e o l i t e 
s i n c e they show a d i f f e r e n t behaviour i n many r e s p e c t s . 
Z e o l i t e s can form novel chemical s p e c i e s s i n c e s t a b l e 
organometallic complexes of C^E^ or N 3H 3 have not been 
observed outside a z e o l i t e cage,j| J J i n f a c t does not e x i s t 
i n the pure form. These s t u d i e s are worth doing on d i f f e r e n t 
z e o l i t e s to observe the c o n d i t i o n s under which these s p e c i e s 
could be formed. 
A l s o of importance i s the study of hydronium ions 
which, as we have seen, forms with Mn-4A z e o l i t e but does 
not form w i t h Co-4A z e o l i t e . The degree of the Mn-exchange 
a l s o e f f e c t s the presence of the hydronium i o n . A s i m i l a r 
study could be done on a v a r i e t y of c a t i o n s and d i f f e r e n t 
z e o l i t e s to t r y to understand the c o n d i t i o n s under which 
the hydronium ion i s formed. 
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